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ABSTRACT
FEEDSTOCK POWDERS FOR REACTIVE STRUCTURAL MATERIALS
by
Daniel Hastings
Metals as fuels have higher energy density per unit mass or volume compared to any
hydrocarbon. At the same time, metals are common structural materials. Exploring metals
as reactive structural materials may combine their high energy density with attractive
mechanical properties. Preparing such materials, however, is challenging. Requirements
that need to be met for applications include density, strength, and stability enabling the
component to sustain the structure during its desired operation; added requirements are
the amount and rate of the energy release upon impact or shock. Powder technology and
additive manufacturing are approaches considered for design of reactive structural
materials. Respectively, feedstock powders are of critical importance. These feedstock
powders must have the chemical composition ensuring, along with mechanical
characteristics, a rapid initiation of the reactive material upon impact or shock, and high
total energy release. They also must have the morphology suitable for processing.
In this work, several powders designed to serve as feedstock for manufacturing
reactive structural materials are prepared, tuned, and characterized. High-energy
mechanical milling is the common manufacturing approach for such powders in this
study. The materials include elemental metals, such as aluminum, with the narrowly sized
spherical porous powder and magnesium, with custom powder coating. Composite
powders combining metals and metalloids, e.g., boron-titanium and boron-zirconium,
with different structures and morphologies are also prepared and characterized. Milling

conditions are varied and it is shown that the structures, sizes, porosities, and shapes of
the produced powder particles can be adjusted through such variation.
The experimental work includes characterizing ignition and combustion of the
prepared powders. Custom experiments employing an electrically heated wire are used
with all prepared materials. Particle combustion experiments, quantifying the particle
burn time and temperatures are performed with selected materials. Additionally, thermal
analysis is used extensively in addition to electron microscopy and x-ray powder
diffraction. Microcalorimetry in oxidizing gas serves to quantify stability of the selected
materials. Nitrogen adsorption is used for many prepared powders to characterize their
specific surface area and respective porosity.
Prepared powders combine unique morphological properties making them
amenable to additive manufacturing, in particular, with high reactivity and stability. It is
expected that using them as feedstock will lead to design of a new generation of reactive
structural materials.
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CHAPTER 1
REACTIVE STRUCTURAL MATERIALS: PREPARATION AND
CHARACTERIZATION

1.1 Introduction
Reactive Structural Materials (RSMs) are a relatively new group of materials designed to
have structural strength and store energy to be released at a desired time [1-7]. Their typical
applications are expected in such systems as kinetic penetrators [8], reactive fragments [9],
reactive bullets [10], reactive armor [11, 12], and munition casings [13, 14]. Considering
that most structural components in various munitions are based on steel, the utility of RSMs
can be semi-quantitatively assessed from a diagram shown in Figure 1.1. The horizontal
axis shows a mass fraction of a munition taken by an explosive charge. It is assumed, for
simplicity, that the charge is TNT (trinitrotoluene) with the rest of the munition comprised
of a metal casing, made of either steel or aluminum. Upon initiation, the case is assumed
to oxidize releasing heat in addition to the heat generated by the TNT charge. The
percentages of heat released by both TNT and case oxidation are shown for hypothetical
scenarios with cases made of steel or aluminum. The estimate shows that for the common
mass percentage of the explosive charge, around 30%, the heat release due to the
combustion of the metal case can add from ca. 40 to 70% of the total chemical energy
produced by the munition. For the common, chemically inert cases, this energy is not
released. Thus, releasing even a portion of the total oxidation energy generated by the
reacting case could substantially increase the total energy yield of the system. To maximize
this additional heat release due to the metal case combustion, RSMs are typically based on
metals with high heats of oxidation, such as aluminum, magnesium, zirconium, and
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titanium. Alloys based on depleted uranium [15, 16] are also considered, in particular for
kinetic penetrators, where both high density and high reactivity are important. However,
because of radioactivity of uranium, its use in contemporary munitions systems is
discouraged. Perhaps, the ﬁrst reactive materials reported in literature were composites of
aluminum and polytetraﬂuoroethylene (PTFE, also commonly referred to as Teﬂon1 [17,
18]). Although low density and strength of Al-PTFE composites severely limits their
applications, such materials were studied rather extensively, representing a common
reference system for many RSMs developed recently. In addition to metal-ﬂuoropolymers,
the types of RSMs described in the literature include thermites [19-21], reactive
intermetallic systems, such as Al–Ni [22-24], metal-metalloid systems, including B–Ti,
B–Zr [25-28], systems forming metal carbides [29], and various composites and alloys
combining materials with different desired properties, for example, high density tungsten
with relatively high reactivity metals such as zirconium or hafnium [30-36]. Along with
the composition, design of composite RSMs and the methods used for their testing vary
widely, depending on the intended application, properties of individual components, and
capabilities available to the material designers. This review aims to offer an initial guidance
to the potential users and researchers entering the ﬁeld of RSMs. It ﬁrst discusses
thermodynamic foundations of selecting compo-sites suitable for RSMs, and then
discusses some requirements.
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1.2 RSM Compositions Based on the Heat Release and Density
Different types of exothermic reactions can be exploited to design an RSM. The initial
selection of materials can be made accounting for their heat of oxidation. Other exothermic
reactions, such as those leading to the formation of ﬂuorides, borides, carbides, aluminides,
and silicides are also commonly considered. The heats of reactions are readily available,
either from such compilations as NIST - JANNAF tables [37] (available online as NIST
Chemistry webbook), summary by Fischer and Grubelich [38], and other sources. An
overview shown in Figure 1.2 was prepared using, in addition to the above databases, data
from references [39-42]. It presents heats of reaction normalized per gram and per cubic
centimeter of metal fuels for formation of ﬂuorides, oxides, borides, and carbides. Other
reactions that have been exploited for RSM produce silicides, sulﬁdes, and aluminides.
Two trends apparent in Figure 1.2 are that reactions of ﬂuorination and oxidation are
substantially more exothermic than any other reactions and that, in general, metals with
lower densities have greater gravimetric heats of reaction. There appears to be a much
weaker difference between different metals when their volumetric heats of reaction are
compared to one another. Dashed lines in each plot mark the heat of oxidation for iron,
which was used to estimate the percentages of heat release shown in Figure 1.2.
Metals/reactions with close or higher values of heat release are of potential interest in RSM.
It thus appears that almost any metal could be attractive for the applications, where the
volume needs to be minimized, while greater mass is acceptable. In particular, volumetric
heats of oxidation of relatively high-density metals, such as Mo, Nb, Hf, Ta, and W are
greater than those of iron. Therefore, it could be possible to extract from RSMs energies
greater than shown in Figure 1.1 for the munitions, in which steel cases are replaced with
reactive materials based on the above metals. Of course, reaction enthalpies, such as shown
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in Figure 1.2, offer only the initial assessment, while the ability to reach the rate of heat
release necessary to make the exothermicity useful is another important consideration that
needs to be accounted for while designing RSMs.

Figure 1.1 Estimated fraction of heat release due to complete oxidation of a metal case
for a hypothetical munition containing varied mass percent of TNT as an explosive.

Figure 1.2 Gravimetric and volumetric heats of reaction for selected metals as functions
of the metal densities.
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1.3 Rates of Heat Release for RSMs
Taking full advantage of the heat of oxidation or other reactions involving material
components used in RSMs is difﬁcult; it requires heterogeneous reactions with fast kinetics
and breaking of the structural parts into ﬁne fragments, which can burn in time scales
deﬁned by the speciﬁc application. Each speciﬁc application deﬁnes its own range of the
acceptable time scales; these scales range from minutes, in the case of signal ﬂares [43], to
milliseconds for blast charges [44], or down to microseconds for kinetic penetrators [45].
Some speciﬁc examples are considered here to illustrate an approach guiding the designs
of RSMs for speciﬁc time scale requirements.
The shortest reaction time scales are necessary for armor piercing projectiles, which
impact targets at speeds in the range of 1800–2900 m-1 [45]. Assuming the penetration
depth d ≈ 100 mm, the time for the reaction to occur for the chemical energy to be coupled
with the kinetic energy of the impact, can be estimated as, t ≈ d/v. Thus, the timescales are
on the order 35–55 μs. These times are shorter than any reported times of combustion for
metal particles or nanoparticles in gaseous oxidizers; besides, the gaseous oxidizers may
not be readily available in many practical scenarios, for example, involving impacts in
upper atmospheric layers or underwater. Thus, the reaction for such applications must
occur between the components of RSM; it would occur heterogeneously and be rate
controlled by mass transport of the reactive components toward each other. To crudely
estimate appropriate reaction rates, consider characteristic diffusion coefﬁcients in various
metal oxide and intermetallic phases, which range typically from 10-10 to 10-3 cm2/s [4649]. Note, however, that the diffusion coefﬁcient is a strong function of temperature; it can
also change dramatically for different diffusion mechanisms [50]. For example, diffusion
coefﬁcients as high as 10-8 cm2/s are reported for the grain boundary diffusion in alumina
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[51], a common product of thermite reaction. The diffusion coefﬁcient, D, can be used to
estimate the characteristic reaction time as t = L2/D, where L is the diffusion length. The
diffusion length may be evaluated as the scale of mixing between the reacting components,
and plugging in the characteristic diffusion coefﬁcients and times above, the range of
mixing estimated varies from 0.02 to 7.5 nm. Clearly, the lower bound, obtained using D
= 10-13 cm2/s is not physical; however, the upper bound approaching 10 nm and relying on
the rapid, grain boundary diffusion is achievable for the materials mixed on the nanoscale
and having multiple defects and grain boundaries in the layers separating reactive
components. The same estimate suggests that coarser scales of mixing, ca. 30 nm and above
may be useful when the characteristic reaction times exceed 1 ms.
For applications where external oxidizer is available, initial heterogeneous
reactions may only be needed to ignite RSM fragments; the continued combustion of such
fragments may occur at much longer time scales, for example 10–50 ms [44]. In such cases,
the reaction may occur either on the surface of the produced fragments or in the vapor
phase and be primarily controlled by the fragment sizes. Clearly, the rates of combustion
will depend on the oxidizing environment and pressure, ﬂow conditions, and fragment
materials. For the initial guidance in selecting the appropriate fragment size, one can
consider burn times of typical metal particles reported in the literature. A summary of such
data is shown in Figure 1.3. Because a comprehensive summary of many published
datasets for different metals cannot be clearly represented in a single plot, only selected
results are shown. For each metal, the burn times are shown for two ranges of particle sizes,
representing coarser and ﬁner powders. For each range of particle sizes, a descriptive trend
expressing the burn time proportional to the particle size in the power n is shown as a
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dashed line, with the symbols representing the ends of the respective particle size ranges.
Some of the trends shown are based on more than one set of measurements reported in the
literature. The data for aluminum come from references [52, 53], for boron, from references
[54-56], for titanium, from references [57-59], and for magnesium, from references [6063]. It is apparent that there are discrepancies between the trends for coarse and ﬁne
particles for all metals, which is likely associated with errors in measurements. Despite the
errors, the trends shown can be used for the initial assessment of the burn times for the
fragments with the speciﬁed dimensions. It is observed that for all particle sizes, boron
particles have the longest burn times, while the shortest burn times are reported for particles
of magnesium. Burn times for the same size aluminum and titanium particles are very close
to each other. The data summarized in Figure 1.3 suggest that magnesium particles as
coarse as 200–300 μm diameter can still be useful if the reaction times can be extended to
50 ms. However, the particle sizes for boron must be ﬁner than ca. 50 μm in order for them
to react in the same time.

Figure 1.3 Characteristic burn times of particles of different sizes for selected metal fuels
reported in the literature: aluminum, boron, titanium, and magnesium
Sources: [52, 53], [54-56], [57-59] and [60-63], respectively
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1.4 Structures of RSM and Methods of Their Preparation
1.4.1

Reinforced Composites with Micron- and Coarser Components

Composites combining aluminum powder with PTFE were proposed as RSMs more than
a decade ago [64], probably building on the well-known Mg/PTFE composites used in
pyrotechnics. The most common composition is the stoichiometric mixture comprising
26.5 wt% of Al and 73.5 wt% of PTFE. Typically, such composites are prepared by
blending powders of Al and PTFE and consolidating them by uniaxial or isostatic
compression. An elevated temperature, typically between 375 and 385˚C, is used during
consolidation to ensure the structural integrity [65]. The methodology is reﬁned in further
work, for example, references [66-68]. The materials can be pressed to more than 99% of
their theoretical maximum density (TMD), which is approximately 2.33 g/cm3 for the
stoichiometric composition. PTFE is a very attractive oxidizer thermodynamically, and the
interest in metal-PTFE composites as RSM has been maintained over the years. More
recently, composites incorporating other metals, such as titanium, zirconium, tungsten, and
others in addition to, or instead of aluminum were prepared and characterized [68-72].
Composites prepared as consolidated blends of metal powders have substantially
higher densities, but are less reactive than Al/PTFE. Perhaps the most studied composition
is based on nickel and aluminum with the TMD of 6.95 g/cm3 for the stoichiometric
composition containing 31.5 wt% of Al and 68.5 wt% of Ni. The composites were prepared
by cold pressing, with densities in the mid to low of 90% of TMD [73], radial forging [74],
and by cold spray, although the powders were ball-milled prior to spraying [24]. A
combination of hot isostatic pressing (HIP) with monitoring heat release in the consolidated
sample [75] was used to prepare low-porosity, RSM components, while retaining their
micro-structure and reactivity in the consolidated shapes. The cold spray may also be
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interesting as a technique enabling consolidation of RSMs from powders without
substantial heating necessary and leading to a relatively high product density [76]. It was
also applied to consolidate Al–CuO thermite [19]. Other reactive composite systems were
prepared by hot pressing elemental powders, for example, W–Zr [30].
More recently, control of fragmentation of the RSM was attempted by varying the
particle size[70] and, even more interestingly, structure of the composite material, which
can be changed replacing a powder with ﬁbers [77]. Composites with tungsten ﬁbers
embedded in aluminum were prepared using a combination of cold isostatic pressing (CIP)
and HIP, which could be followed by an additional heat treatment to harden the aluminum
matrix [78]. Prepared materials contained mesostructures including tungsten ﬁbers
embedded in aluminum while being placed strategically in both hoop and axial directions,
as shown in Figure 1.4 [79]. When loaded dynamically, the structure fails when tungsten
ﬁbers oriented in the axial direction buckle, which is facilitated by the initial fracture of the
circumferential ﬁbers [79]. Thus, materials with mesostructures offer additional
capabilities for the pre-programmed break up upon its shock loading.

9

Figure 1.4 Composite reactive materials with tungsten fibers embedded in aluminum
matrix. Microstructure Al-composite tube (see inset) with W fibers in hoop and axial
directions.
Source: [79]

1.4.2

Composites with Nano-Sized Components

Availability of metal nanopowders led to signiﬁcant research efforts dedicated to
preparation and testing structures with nanoparticles replacing regular metal particles in
composites. Following up on the work with coarser powders, Al-PTFE composites were
prepared and characterized using nano-powders of aluminum [80-82]. The focus has been
on reaction mechanisms and rates rather than mechanical and structural properties of such
composites. Substantial efforts were also dedicated to preparing and characterizing various
nano-thermite type materials starting with the nanopowders of metal fuels and oxidizers.
The powder mixing is commonly achieved via ultrasonication of the starting components
[83]. The products are commonly loose powders, which are difﬁcult to consolidate as
necessary for most RSM applications. However, ultrasonic vibrations, similar to those used
in ultrasonic welding, have been successfully used to consolidate samples of nickel–
aluminum[84] and nano-thermites with binary and more complex, for example, Al–Ni–
CuO and Al–Ni–Fe2O3 composites [85, 86]. Other methods, including sol-gel chemistry
[87-90] and self-assembly [91-94] were used to prepare nano-composite thermites;
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typically the products are highly porous and may include additional components, such as
chemicals used to functionalize metal surface, resulting in a reduced energy density.
Continuous, uniform, and ﬂexible laminate structures containing a nanothermite with a
polymer binder was recently prepared by electro-spray deposition [95]. A good review of
different types of reactive nanocomposites is available in reference [96].
Recently, additive manufacturing approaches have been explored to generate
controlled architectures of RMs, for which burn rate and gas generation can be tuned while
using the same nanocomposite thermite [97, 98]. Nanothermite structures comprising
micro-channels and hurdles were created starting from nanopowders of Al and CuO.
Compared to a non-patterned material, the ﬂame propagation velocity was tripled and
halved for channels and hurdles, respectively.
While signiﬁcant progress has been made preparing various shapes and
morphologies of RMs using nanoparticles of starting materials, most of the prepared
continuous structures were limited to relatively thin, quasi two-dimensional layers; threedimensional items prepared were typically very porous and had low strength, limiting their
applications in RSMs.
1.4.3

Layered and Nano-Layered Systems

Fully dense composites suitable for RSM applications have been prepared by mechanical
processing bulk metals or packed powders using swaging, a cold forging process reducing
diameter of tubes [74, 99]. The scale of mixing achieved in such a processing and the
structure of the layered system are illustrated in Figure 1.5 for a composite prepared from
nickel ﬂakes with powders of aluminum and magnesium. The mixing scale achieved is
rather coarse, with the thickness of about 1 μm for the ﬁnest Ni layers. Minor porosity is
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also observed, although most of the sample is fully packed. Based on density
measurements, the volume fraction of voids was estimated to be within 0–5%.
A variety of RMs were prepared as nanolayered systems, using vacuum deposition
based techniques [100]. The structure of such materials can be precisely controlled and the
layer thickness can be as small as 10 nm. Earlier work focused on intermetallic systems,
such as Al–Zr, Ni–Al, and others [101-104]; more recently, signiﬁcant progress has been
made preparing various thermite-type materials [105-109]. RMs with planar, well-deﬁned
layers of individual composites and with essentially no porosity serve as a convenient
model material for studies of reaction mechanisms. Varying the thickness of the deposited
layers enables one to manipulate directly the mixing scale between the components. It has
been recognized, however, that poorly deﬁned phases exist at the interfaces between the
reactive components deposited on top of each other by sputtering. To avoid uncontrollable
formation of the intermediate reaction products, additional layers were formed between the
reactive components by atomic layer deposition [110-112]. Such layers, although still
serving as diffusion barriers, can be better controlled, leading to a more predictable
behavior of the RM system. An example of such a custom-engineered RM is shown in
Figure 1.6. Although the added intermediate phases create diffusion barriers between the
reactants, slowing down the rate of heat release, this effect may be tuned by adjusting the
thickness and type of the added interfacial layers.
Various approaches were explored for preparing optimized layered systems; for
example, the order in which the metal and oxidizer are layered, and which material ends
up on the surface, can affect how the material ages over time. Depositing aluminum or
magnesium onto preliminarily grown, ordered nano-columns of an oxide (e.g., CuO or
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Co3O4) leads to interesting morphologies, for which the reaction rate is different than for a
planar layered system [113, 114]. Further, such systems can be modiﬁed by added layers
of ﬂuorocarbon [115, 116], making the surface of the prepared material hydrophobic.
1.4.4

Mechanochemically Prepared or Mechanoactivated Materials

Composite powders were prepared mechanically milling starting components, present as
micron-sized particles, ﬂakes, or even bulk pieces [117, 118]. This technique, developed
initially for preparation of mechanically alloyed and dispersion strengthened composites
[119, 120], was extended to process materials of interest to RSMs. Such materials include
reactive metals and intermetallic systems, such as aluminum, magnesium, nickel,
zirconium, titanium, etc., and composites, including all types of chemistries discussed
above, as well as metals with even more aggressive oxidizers, such as KClO4, NH4ClO4,
etc. [121]. Mechanical milling typically yields powders with particle sizes in the order of
1–100 μm. Each powder particle is a nearly fully dense composite. The components are
mixed within such particles on the scale of ca. 100 nm. The interfaces formed in
mechanochemically prepared particles form because of interaction between the
components during milling. Such interactions mostly involve mechanically induced shear
accompanied by pressing the components together by colliding milling media. These
interactions occur at the milling temperature, which is typically just slightly higher than
the room temperature. Thus, the components are rather inert chemically, so that the
interfacial layers produced may be thinner than for the composites prepared by vacuum
deposition or than surface oxide layers, such as amorphous alumina, always present on the
metal particles exposed to an oxidizing environment. Using such powders for preparing
RSMs has its advantages and drawbacks. The advantages are the relatively coarse particle
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size, combined with the ﬁne mixing scale for the reactive composites, making handling
such powders easier than that of the nanopowders with the same or comparable scale of
mixing. It is also important for the mixing scale and morphology to be preserved while the
powder is being handled. However, mechanochemically prepared powders are typically
work hardened (or less ductile), making it more difﬁcult to consolidate them into bulk
items.

Figure 1.5 Microstructures of the composite prepared by swaging using powders of Al
and Mg with flakes of Ni. Minor porosity is observed. Most of pores appear between Ni
flakes and at boundaries between Ni and Al.
Source: [74]

Consolidated shapes were readily prepared using mechanochemically prepared
metal-ﬂuoropolymer composites by slightly pressing them [122, 123]. These highly
energetic materials have relatively low density and strength. Fuel-rich thermites were
consolidated by uniaxial pressing, achieving densities close to 90% of TMD without
binders [124]. Added binders, either polymers or low-melting metals improved mechanical
properties, but reduced the energy density of the consolidated composites.
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Figure 1.6 High-angle annular dark-field scanning transmission electron microscopy
images of Al–CuO nanocomposites prepared by magnetron sputtering and including 41
wt% Cu a) and 63 wt% of Cu b) between Al and CuO layers.
Source: [111]

1.5 Characterization of RSMs
1.5.1

Mechanical Properties

As for any structural materials, mechanical properties are of critical importance for RSMs.
Static mechanical properties, such as tensile, yield, compressive, or ﬂexural strength are
routinely measured using standard tests [125]. However, in many cases, prepared RSMs
may not be available in the form of specimen required for the most common standardized
tensile yield test; sometime preparing such specimen is problematic because the composites
are brittle. In such cases, often compressive strength of RSMs is measured instead using
so-called Brazilian test, in which a disk-like specimen is compressed with a continuously
increasing load until it fails [126]. Static tests, while important, are not speciﬁc for RSMs
and will not be discussed here in further detail.
Dynamic mechanical properties of RSMs are measured using Split Hopkinson
Pressure Bar (SHPB) [127]. SHPB is probably the most common test enabling one to
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characterize dynamic response of a material. The achievable strain rates vary from 50 to
104 s-1. The experimental setup is shown schematically in Figure 1.7 [128]. The sample or
specimen is placed between input and output bars. The input bar is loaded by a striker bar,
which can be accelerated using a gas gun. An incident pulse (or stress wave) propagates
through the input bar toward the specimen where it splits into transmitted and reﬂected
pulses. The transmitted pulse may deform the sample plastically. Thus, it can be
substantially changed as it travels through the sample and into the output bar. The reﬂected
pulse travels back down the input bar. There are strain gauges in both input and output
bars, which measure strains caused by the traveling waves; an analytical model is used to
process the output of the strain gauge readings and recover mechanical properties of the
material. Additional optical measurements can be used to detect an exothermic reaction
initiated in an RM sample by the impact.

Figure 1.7 Schematic of the SHPB
Source: [130]

Multiple examples of the SHPB-based experiments characterizing RSMs were
reported in the literature, such as [31, 79, 129-133]. For example, Al-PTFE composite
materials were found to be sensitive to the strain rate; it was further reported that the
compressive strength is maximized at the aluminum fraction of 35 wt% [132].
An example of a sequence of high-speed video frames taken during an SHPB
experiment with a hot pressed RSM comprising 33 wt % of W and 66 wt% of Zr is shown
in Figure 1.8 [31]. Processing the recorded video along with the analysis of the incident,
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transmitted, and reﬂected pulses recorded by strain gauges enabled researchers to
determine that the dynamically measured compressive strength of the sample was higher
than that measured in static tests. It was also observed that the specimen failed at only about
2% of strain, behaving as a typical brittle material. Different type fragments formed upon
the sample failure and exhibited different combustion regimes, identiﬁed from the video.

Figure 1.8 Selected frames from a high-speed video record of ignition and propagation of
a Zr–W samples in a SHPB test at 23.53 m/s. A record rate of 30000 frames s-1 and
shutter speed of 1/40000 s were used. The timestamp of each frame is measured from the
start of deformation.
Source: [31]

Other dynamic tests include Taylor impact, in which a cylindrical projectile made
of the material being tested impacts onto a large ﬂat plate, or anvil [134]. The impact
velocities a round 100–200 m/s cause a non-uniform deformation of the projectile. Strain
rates exceed 105 s-1, and thus are higher than those in the SHPB test. A model is available
that correlates the residual geometry of the deformed projectile with the dynamic yield
strength. A more detailed modeling involving state of the art hydrocodes, such as CTH
[135, 136], are also used to interpret such tests for RMs [23]. High-speed videos are used
to detect the ignition and record changes in the sample shape while it is being deformed.
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Such videos help recovering dynamic values of the yield stress during the test; such
measurements are particularly valuable if the sample ignites and thus changes its shape
before being recovered. Results of Taylor tests showed that a cold sprayed Ni–Al
composite is more reactive than the same composite consolidated by explosive compaction
[23]. Sometime, a reverse Taylor test is performed, in which the RM cylinder is stationary
and the projectile serves as the anvil [137]. Modiﬁcations of this test are also being
developed using instrumented plates, high-speed video, and post-mortem analysis of the
compacted and initiated samples [138, 139].

1.5.2

Thermal Analysis

Thermal analysis has become the most common and versatile technique for studying
thermally activated chemical reactions, which are of critical importance to RSMs. Aging
of such materials is certainly governed by the reactions occurring both at their surfaces,
interacting with the environment, and at the internal interfaces between reactive
components. It can also be argued that the thermally activated reactions are critical for
ignition of RSMs even when the practical ignition stimuli are the shock or impact. In those
cases, multiple models have been developed to predict formation of so-called hot spots,
caused by various defects and irregularities in the loaded structures [140-146]. Once such
defects are developed, they self-heat, leading to ignition, which then can be described as a
developing thermally activated reaction. Thus, the importance of thermo-analytical
measurements, including thermo-gravimetry (TG) and differential scanning calorimetry
(DSC) cannot be overestimated. Not surprisingly, most researchers developing RSMs or
relevant compositions have applied DSC and TG to characterize their materials. A review
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describing relevance of such measurements to ignition mechanisms of aluminum-based
RMs is available [147]. Ideas discussed there are also applicable to other types of RMs.
Measurements performed at different heating rates are routinely used to establish kinetics
of various reactions. Various isoconversion processing techniques are used; recently,
useful recommendations for the data processing were proposed, which are fully applicable
for studies of RSMs [148]. Similarly, recommendations are available for collecting the
thermo-analytical data [149].
Without reviewing a very extensive set of references, where thermo-analytical
measurements were used to characterize various RSMs and relevant structure, one
overarching observation can be made coming from the authors own studies [117, 118, 150].
While multi-step exothermic reactions are commonly observed in DSC traces, it is most
commonly the very ﬁrst, low-temperature reaction step that governs the ignition behavior
of the material, when it is heated rapidly. This initial step may not necessarily be the
strongest among different reactions observed. However, accounting for it becomes
critically important when one attempts interpreting ignition of both thermites and
intermetallic-based RM composites.
New experimental methods, expanding the capabilities of conventional thermoanalytical measurements take advantage of miniaturized heating elements, which can
achieve heating rates exceeding 104 K/s, approaching those expected in the RSM ignition
scenarios [151]. Such measurements, limited to very small samples and affected by
possible temperature gradients in the heated material are useful to bridge the understanding
of reaction mechanisms obtained from DSC with the processes occurring in ignition, as
discussed below.
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1.6 Ignition and Combustion
1.6.1

Ignition Experiments

Ignition and combustion measurements are performed for both consolidated RSMs and for
powders used to prepare RSMs. It is commonly assumed that if an RSM fragments upon
initiation, ignition and combustion of the produced fragments is reasonably well
represented in studies dealing with the powder particles.
Ignition of small amounts of RM powders is commonly studied using an electrically
heated metal ﬁlament with a thin deposit of an RM powder [152]. The ﬁlament temperature
may be monitored using an infrared pyrometer, or it can be obtained from the ﬁlament’s
resistance, calculated using the measured current and voltage [153, 154]. The ignition
instant is detected optically and the measured temperature of the ﬁlament is treated as the
ignition temperature. The heating rate may be varied to observe a shift in the ignition
temperature, suitable for quantifying the respective reaction activation energy. Depending
on the ﬁlament diameter and the power supply, the heating rates attainable are from 100 to
106 K/s. This method was used extensively to determine how the ignition temperature
changes as a function of the heating rate for a broad range of RMs prepared by mechanical
milling, for example [155-160], as well as for other types of RMs [161-164]. In a variant
of this experiment, the powder-coated wire is mounted in a vacuum chamber connected to
the inlet of a time of ﬂight mass spectrometer (TOF-MS) [154, 165-168]. Thus, release of
gaseous species emitted by the heated and ignited RM is described in real time. A
characteristic result is illustrated in Figure 1.9, where the RM sample is prepared by
vacuum layer deposition of Al and CuO nanolayers directly onto a platinum ﬁlament [161].
The vertical dashed line indicates ignition observed in a high speed video. An oxygen peak
occurs before ignition, whereas onsets of peaks of Al, Al2O, and Cu coincide with the
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ignition instant. The early oxygen release was proposed to be associated with
decomposition of the heated CuO, which was conﬁrmed by separate experiments [169]. A
similar behavior was observed for nanothermites with several other oxides used as
oxidizers. A qualitatively similar oxide decomposition was observed to precede ignition
for fully-dense thermites prepared by mechanical milling, although the experiments were
not performed in a high vacuum so that no CuO decomposition was detected without the
presence of Al. It was proposed that for the milled materials, pre-ignition heterogeneous
reaction between Al and CuO partially reduces CuO prior to ignition, yielding a metastable
CuO1–x phase (1>x>0), which decomposes upon heating [158].

Figure 1.9 TOF-MS results from experiments for a reactive Al–CuO nanofoil prepared by
vacuum deposition with six bilayers.
Source: [161]
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Figure 1.10 Arrhenius plots combining different measurements for mechanically alloyed
Al Ti powders. Results of thermo-analytical measurements representing formation of L12
phase of Al3Ti are shown as open circles. Ignition temperatures measured using the
electrically heated filament shown as gray circles. Ignition temperatures, estimated for
the heating rate 106 K/s expected in the laminar lifted flame experiments are shown as
black circles.
Source: [160]

An idea of correlating the ignition with intermetallic exothermic reactions in an
RM, discussed in detail in reference [147] is illustrated in Figure 1.10 [160]. For
comparison, the positions of exothermic peaks from thermo-analytical measurements and
ignition temperatures obtained from the heated ﬁlament experiments are plotted in the same
Arrhenius coordinates for the same mechanically alloyed Al-Ti powders. The peaks in DSC
traces were assigned to a weakly exothermic intermetallic reaction producing L12 phase of
Al3Ti. The results of the ignition experiments correlate well with the trend-line for the DSC
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measurements. Extrapolating this trend-line to even higher heating rates enables one to
predict an ignition temperature (shown by ﬁlled black symbols) in more practical scenarios.
Other techniques used for thermal initiation of RMs include use of laser heating for
individual particles[170, 171] and for pressed bulk samples [147, 172]. Heating rates
approaching 106 K/s are achieved. If used for the same materials, ignition temperatures
observed in the laser heating experiments can be compared to those expected from the
kinetic trends obtained from thermal analysis and/or from the heated ﬁlament experiments.
Still higher heating rates, in the range of 109 K/s are achievable in the experiments using
an electrostatic discharge (spark) as an ignition source [173-176]. An increase in the
heating rate can cause a qualitative change in how the reaction propagates [177]. At very
high heating rates, substantial temperature gradients develop across RM domains. This can
cause localized reactions to occur while the rest of the material is being heated and/or melts.
Thus, the ﬁne structure of the composite material may be preserved to much higher
temperatures and through greater reaction progress than anticipated for low-heating rate
events, in which melting of the material components results in a loss of the initial structure
and scale of mixing.
A methodology for studying shock initiation of thin RM layers using a very short
laser pulse was developed [178-182]. A picosecond laser ﬂash heating vaporized the
surface of an RM target. The RM, typically a nano-aluminum/reactive binder composite,
reacts involving surrounding oxidizing environment. A spherical shock wave is generated
while its pressure drops rapidly. The shock decomposes the binder (nitrocellulose or
Teﬂon1) down to a characteristic diameter of reaction. That diameter was measured as a
function of the laser energy. A hydrodynamic model was developed to interpret results; the
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model assumed that chemical reactions occur when a threshold pressure applied for a given
time duration. A similar technique was recently used to study shock initiation of RM
samples based on porous Si [183].
Microscopic samples of various RMs were impact initiated in recent experiments
using metal foil-based ﬂyer plates [176, 181, 182, 184-186]. In a typical experiment,
illustrated in Figure 1.11, a thin copper foil is used as a ﬂyer plate; aluminum foils were
also used. The foil is initially epoxied to a glass and is accelerated by a pulse from an
Nd:YAG laser. The impact produces a planar shock in the target material, in this case, an
Al-PTFE nanocomposite. The speed of the ﬂyer can exceed several km/s. The shock
duration is varied around 10 ns; it depends on the material impacted by the ﬂyer. Prior to
the launch of the foil, the target material is placed at the impact location using an optical
microscope. High-speed optical probes track emission, and, in the most recent
experimental development, spectra emitted by the impact-initiated target material with ps
resolution [186, 187]. Time-resolved details of shock-compression initiation can be
detected, which are not currently accessible by any other techniques. These experiments
serve to establish mechanisms of shock initiation, hot spot formation, etc. However,
because the ﬂyer plate typically quenches the initiated reaction, the reaction at longer time
scales may not compare well with that expected in a practical conﬁguration.
A new generation of measurements of initiation mechanisms in RSMs take
advantage of the advanced analytical techniques, such as dynamic transmission electron
microscopy (DTEM) [188, 189] or time-resolved X-ray diffraction studies enabled by high
intensity X-ray beams produced by synchrotron radiation [190]. Such measurements
enable direct observation of changes in morphology and structure of the RM particles
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initiated directly under the microscope or in the diffractometer. It was observed, for
example, that for the thermites prepared as mixed nanopowders, condensed phase and
interfacial reactions, as opposed to gas release, are fast enough to serve as dominant
combustion mechanisms [188].

Figure 1.11 a) Schematic of the apparatus using laser-launched 25 μm thick Cu flyers to
shock a 3 μm thick film of Al/Teflon. b) Optical micrograph of Al/Teflon film on
sapphire. c) A sample after the experiment. Prior the experiment, a portion of the
Al/Teflon film is scraped away to yield a bare region which was used to precisely
calibrate flyer velocity versus launch laser energy. The darker region with Al/Teflon
shows reacted regions for lower speed (0.7 km/s) and higher-speed (1.5 km/s) shots. The
reaction produced with the higher-speed shots extends several mm beyond the 0.5-mm
diameter flyer. The impact areas are 4 mm from one another.
Source: [186]
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1.6.2

Combustion of RM Particles and Particle Clouds

These experiments follow, generally, the same methods as used to study combustion of
individual metal particles or powder clouds. Particles are ignited, typically by a laser beam
[171, 191] or while being injected in a ﬂame [192-195]; their combustion times and
temperatures are measured based on their optical emission. Different methods were used
to correlate the particle sizes and their combustion times. Recently, such correlations were
obtained by comparing the measured statistical distributions of particle sizes and their burn
times [171]. In that processing, larger particles are assumed to burn longer than smaller
ones. It is assumed that larger particles burn longer. Results with multiple RM particles
ignited in a reﬂected shock wave were also reported [196, 197]. In such experiments, the
burn times are usually obtained measuring the width of the optical emission pulse. The
obtained burn time is correlated with the average particle size for the powder used in
experiments.
In other experiments, typically performed with the RMs comprising mixed
nanopowders, combustion of a loosely packed RM sample in an open tube is studied [198201]. Although most measurements focused on the apparent ﬂame propagation rate, it was
understood recently that this rate is superﬁcial and is associated with incandescent particles
moving along the tube [202, 203]. It was reported that the nanoparticles agglomerate
rapidly and form mesoparticles, which burn in the time scales comparable to those for
common micron-sized metal particles.
Constant volume explosion experiments are rather common [155, 162, 171, 191,
194, 204]; they can be performed in vessels of different sizes, with different powders
initiated using a heated wire, pyrotechnic igniter, or a spark. Pressure is usually measured
in real time and the maximum achieved pressure is associated with the total energy release.

26

The reaction rate is quantiﬁed based on the recorded rate of pressure rise. Because not all
powder is ignited and because a fraction of the ignited particles is quenched on the vessel
walls, the efﬁciency of combustion may be low. However, this technique is useful for
comparing different RM powders to one another. When interpreting these experiments, it
is necessary to account for differences in ﬂowability of different powders, which can
substantially affect formation of the aerosolized cloud and thus its combustion dynamics.
Examples of luminous streaks produced by Al Mg alloy particles ignited by a CO2
laser beam are shown in Figure 1.12 [203]. The particles were fed vertically up crossing
the laser beam directed horizontally. Once ignited, they burned in ambient air. Labels in
each image show the Al/Mg atomic ratios for different samples. The streaks include two
bright parts; the ﬁrst, associated with the selective combustion of Mg followed by the
second, produced by predominantly Al combustion. Pressure traces measured in the
constant volume explosion experiments in air for the same mechanically alloyed Al Mg
powders are shown in Figure 1.13 [205]. The results show that the maximum pressures are
almost the same for all materials and for the pure aluminum. However, the rates of pressure
rise are substantially increased for the mechanically alloyed powders.

Figure 1.12 Streaks of burning particles of mechanically alloyed Al Mg powders ignited
by the CO2 laser beam; scale bar for 70/30, 80/20, and 90/10 compositions is the same.
Source: [205]
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Figure 1.13 Pressure traces measured in the constant volume explosion experiments for
mechanically alloyed Al Mg powders burning in air. The igniter, a heated wire, is
initiated at the time zero.
Source: [205]

Figure 1.14 Burn times as a function of particle sizes for some RM powders containing
biocidal additives, I2, Cl2, or S, burning while being injected in an air-acetylene flame.
Results for pure Al and Mg are shown for reference.
Source: [206, 207]

Figure 1.15 Impact sensitivity of intermetallics measured in air as a function of bulk
theoretical maximum density of a pressed sample.
Source: [208]
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Burn times measured for several nanocomposite RM powders prepared by
mechanical milling and injected in an air-acetylene ﬂame are shown in Figure 1.14 [206,
207]. These RMs contain such additives as I2, Cl2, or S, expected to generate biocidal
combustion products aimed to inactivate biological agents, such as anthrax-laced powders.
They can be used as liners in the respective munition systems. The results, obtained from
a correlation between the measured statistical distributions of particle sizes and burn times
are compared to those for pure aluminum and magnesium. It is observed that only one of
the prepared materials, Mg S composite, burned faster than pure Mg (and thus, faster than
any other metal, compare to Figure 1.3). All aluminum-based powders burned slower, than
the pure Al.
1.6.3

Impact Initiation of Bulk RSMS

Experiments on impact initiation of bulk RSM samples are often designed to reproduce
scenarios expected in the practical applications. For example, it may be important to
establish that the material survives launch of a projectile, penetration through a protective
layer, and/or capable of coupling the released chemical energy with that of the mechanical
impact. It also often desired to characterize the fragmentation of the RSM upon impact and
assess the reactivity of the produced fragments.
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Figure 1.16 High-speed images of an impact of an RSM projectile onto a hardened steel
anvil at 302 m/s. The RSM is a mechanically milled aluminum compact attached to a
copper cylinder. Times corresponding to different frames: a) immediately prior to impact;
b–d) 0.05–2.5 μs; e) 6.5 μs; and f) 9.5 μs. Pellet is compacted and deformed in frames b–
e). The copper cylinder contacts the anvil in frame (f).
Source: [138]

A very simple experimental testing of the impact sensitivity of reactive composites
is possible using a commercial drop weight impact tester, where a pellet is placed on an
anvil and hit by a weight falling from a pre-set height [208]. The impact energies may reach
several J. Ignition was detected monitoring the infrared emission from the impacted
samples. Pellets of several aluminum-based intermetallic composites were pressed and
tested. For the relatively low compaction achieved by uniaxial pressing (less than 80%
TMD), the results suggested an increased sensitivity to ignition at greater compaction, as
illustrated in Figure 1.15. It was also reported that the size of Al particles used in the
compacts had only marginal effect on the measured ignition sensitivity, in contrast with
laser ignition studies, where the particle size of aluminum affects the ignition temperature
of composite RMs substantially. It was proposed that ignition was caused by piercing
aluminum particles by harder particles of higher density metals, which broke down the
protective alumina shell and exposed aluminum to the external oxidizer. Variations in the
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drop weight impact techniques, for example, when a sample is used to characterize several
Ni-Al composite and nanocomposite materials more recently [209-211]. A sample is
placed on a support plate; a plunger with a ﬂat impact surface rests on top of the sample.
The plunger is hit by a ﬂyer plate accelerated by a gas gun so that it is rapidly pressed into
the sample. The impact energies are in the range of hundreds of J. The setup is installed in
a windowed chamber so that the ignition can be monitored using a high-speed video
camera. In different experiments, impact sensitivities were compared for mixed
nanopowders, composites prepared by high-energy ball milling, and for nano-layered
composites with the structures generated by magnetron sputtering. It was observed that the
porosity and hardness of the samples signiﬁcantly affected their impact ignition sensitivity,
even when their ignition temperatures measured for the heated samples were nearly
identical.
In another experimental technique, based on the Taylor test discussed above, a gas
gun is used to accelerate a sample of RSM, which impacts onto a stationary anvil [138,
139, 212]. An RSM sample is attached to a metal carrier rod using custom-manufactured
copper capsule ﬁxtures. The powder compact may be pressed into or epoxied to the driver.
The ﬂyer plate is made of copper, tungsten, or tungsten heavy alloy, depending on the
desired impact stress. The ﬂyer plate is carried by aluminum sabots. The impact velocity
is monitored using sequential shorting pins. Polyvinylidene ﬂuoride (PVDF) stress gauge
packages are built onto the driver and backer plates to monitor the stress state and wave
arrival times at the front and back of the powder. An example of a series of high-speed
images for an impact initiation experiment is shown in Figure 1.16 [138]. The initiation
threshold in terms of impact energy was found for different RM samples. Results for
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materials prepared as mixtures of regular (not ball milled) powders, suggest that
composites of tungsten/aluminum and tantalum/aluminum reacted in both air and vacuum.
Composites of nickel/aluminum and aluminum compacts only reacted in air [6];
composites of tungsten/aluminum and tantalum/aluminum reacted in both air and vacuum.
A higher reactivity was observed for tantalum/aluminum composite. Its reactivity threshold
in air was 718 kJ, which was about 195 kJ lower than the next lowest threshold of 913 kJ
observed for aluminum. Composites of tungsten/aluminum and nickel/ aluminum (at a
higher packing density) all react in air at around 1000 kJ. This suggests that aluminum
oxidation with surrounding air deﬁnes the reaction threshold for all composites except for
tantalum/aluminum ones. The intermetallic anaerobic reaction was suggested to be driving
tantalum/aluminum compacts. In vacuum, the tantalum/aluminum initiation threshold was
863 kJ, which was 348 kJ lower than that for tungsten/aluminum composite (1211 kJ).
An interesting effect of particle size was observed for nickel/ aluminum composites.
Samples prepared using powders with different sizes, 325 mesh and +325–200 mesh,
exhibited similar trends for the effects of packing density. However, the samples prepared
from a coarser powder (+325–200 mesh) were substantially more reactive and initiated at
a lower energy than samples prepared using ﬁner, 325 mesh powders.
A customized impact initiation testing methodology was developed a decade ago
[213, 214] and modiﬁed and used in many more recent studies [4, 215-221]. In this method,
as schematically shown in Figure 1.17 [213], a consolidated RSM compact (which could
have spherical, cylindrical, or cubic shape) is used as a projectile. The sample needs to
survive launch from a ballistic gun at speeds varied from ca. 500–2500 m/s. Aluminum
foils are used to measure the speed of the projectile. A pressure sensor mounted in the test
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chamber is not shown. The projectile ﬁrst hits a “target skin,” which is typically a thin sheet
of mild steel [213] or an aluminum plate. Some recent experiments are focused on the
interaction of RSM with aluminum plates of different thicknesses, production of fragments,
and their ignition [220]. Upon passing through the target skin, the RSM projectile is
disintegrated. A portion of the material may be left outside the test chamber, while
fragments continue moving towards the center of the chamber and impact upon a heavy
anvil plate. Ignition occurs upon the impact, resulting in a shock wave and rapid
combustion of pulverized material. Although the chamber cannot be sealed because its wall
is punctured through by the projectile, the pressure rise in the chamber occurs sufﬁciently
fast to make the pressure measurement meaningful. The quasistatic pressure (QSP)
measured in the chamber upon impact is translated into the energy released. This energy is
interpreted considering the theoretical energy release expected from the RSM projectile
upon its complete combustion.

Figure 1.17 Schematic diagram of an experimental chamber used in the impact initiation
experiments by Ames.
Source: [213]
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Figure 1.18 Typical reaction efficiencies for impact initiated RM samples.
Source: [214]

Figure 1.19 Energy released by different reactive material samples as a function of the
material density. The reaction is initiated by a 6,000 ft/s impact; the energy is normalized
by that released by Al-PTFE with TMD of 2.4.
Source: [214]

Selected results are illustrated in Figure 1.18 and Figure 1.19 [214]. Reaction
efﬁciency, measured based on the QSP, increases markedly with increase in the impact
speed (Figure 1.18). The effect of density on the reaction efﬁciency is also very strong,
and overarching for a wide range of materials (Figure 1.19). However, all samples
represented in Figure 1.19 were prepared as compacted commercial powders; they do not
include more advanced nanocomposite materials.

34

In addition to the energy release, the minimum impact pressure necessary for
ignition of an RSM projectile is identiﬁed. For example, the initial critical impact initiated
velocity is about 650 m/s for W/Zr alloy [221]. Table 1.1 shows reaction characteristics,
including reaction efﬁciencies for several impact initiated RSM samples. In calculating the
kinetic energy, it was assumed that the samples entered the chamber at 90% of their initial
kinetic energy after passing through the target skin.
In recent experiments following the same general approach, the RSM was packed
into a reactive bullet, as a reactive fragment inside a steel shell [222]. The impact initiation
behavior of Al/PTFE RSMs with added tungsten was investigated. It was found that a
greater reaction efﬁciency was achieved at higher impact velocity. Samples with greater
porosities and with greater concentration of tungsten were more reactive. Tungsten was not
observed to participate in the reaction, however.
Table 1.1 Reaction Characteristics, Including Chemical Reaction Efficiency for Different
RM Compositions Tested using an Impact of Accelerated RM Projectile

Source: [221]

1.6.4

Explosive Imitation of RSMs

Initiation of RSM samples using an explosive is aimed to imitate a scenario when the RSM
serves as a case or liner for a munition carrying an explosive charge. Efforts [223, 224]
was aimed to observe detonations in consolidated RSM samples. Qualitatively similar
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experimental conﬁgurations were used, as shown schematically in Figure 1.20. An RSM
sample was constrained in a thick-walled container. To minimize the effect of reﬂected
sound waves on the measurements dealing with Zn–S composition, the container was made
of a porous composite with a low sound speed [224]. In both studies [223, 224], the results
were inferred from the velocity measurements for the propagating combustion wave. It was
concluded that a detonation wave was possible for an RSM system with the minimized gas
release, for which both reactants and products were condensed phases.

Figure 1.20 An experiment studying an explosive-driven deto.nation in an aluminumPTFE composite.
Source: [223]

In other studies [225, 226], a qualitatively similar experimental setup was built and
used to consider a detonation-induced reaction in the Zn–S samples prepared at different
nominal densities, as illustrated in Figure 1.21. Dimensions of the RSM samples were
increased to enable recovery and analysis of the materials after the experiments. Despite
the larger sample size, no self-accelerated reaction rates were observed. It was, therefore,
concluded that no evidence for gasless detonation currently exists.
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A set of experiments described in references [227, 228] followed up on extensive
earlier work aimed to identify the mechanism of initiation and propagation of a shock
initiated reaction in a condensed phase RSM. The general focus of this work was to
establish the size of the area directly initiated by the shock, often referred to as a hot spot,
and to determine the mechanism of the reaction propagation through the rest of material.
Two experimental conﬁgurations shown in Figure 1.22 were used [227]. In both cases, an
RSM sample was constrained in a cylindrical steel capsule. An explosive placed on top of
the capsule was detonated. In one of the conﬁgurations, Figure 1.22a, both thermocouple
and light sensor were used to monitor reaction. In this case, a polycarbonate window was
used as part of the sample enclosure; the explosive charge in this case was limited to 130
g of nitromethane (NM) sensitized with 5 wt% of diethylenetriamine. It was expected that
the optical signal will show when local high temperatures occur, for example, when hot
spots are formed. Conversely, the thermocouples were expected to describe the rise in the
bulk sample temperature when the reactions propagate. In the conﬁguration shown in
Figure 1.22b, only thermocouples were used and the window was replaced by a steel part.
In the latter case, the explosive was 450g of commercial pentolite. Yet another
experimental conﬁguration was used, when only optical signal was collected. For these
experiments, the light passed through a hole drilled in a steel component, while the entire
capsule was placed in a water pool. After experiments, samples were recovered to observe
the extent of reaction. Some of the recovered samples were completely reacted; for others,
no evidence of bulk initiation was observed. No partially reacted materials were found.
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Figure 1.21 Experimental setup used to study an explosive driven reaction in different
RMs.
Source: [226]

Based on results of the experiments, it was concluded that the initiation of hot spots
occurs in the time scale of μs, comparable to the time of shock compression. Conversely,
reaction propagation occurs at a much longer time scale, from ms to hundreds of ms. The
burn rate in such materials was found to be largely pressure-independent.
In a complementary study [228], shock initiation was studied for a broad range of
samples with the focus on correlation between thermal and shock initiation processes. The
process of ball-milling or mechanical activation was found to increase both thermal and
shock sensitivity. It was further found that the increased thermal sensitivity was not caused
by shock compression alone. For samples shocked at pressures just lower than necessary
for ignition, the ignition threshold was found to be indistinguishable from the equivalent
un-shocked samples.
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Shock initiation of laminate Ni–Al composite samples was studied using so called
“Thick-Walled Cylinder Method” presented schematically in Figure 1.23 [229, 230]. A
cylindrical RSM sample is placed inside a copper tube. The assembly is placed inside PVC
container ﬁlled with an explosive. The information about reaction initiation is obtained by
recovery and examination of the samples following the experiments. The focus is on the
mechanical processes leading to chemical reactions. It was established that instabilities
during the collapse of the Ni–Al-corrugated laminate composites triggered three main
mechanisms of plastic strain accommodation. The inside facing wedge-shaped regions at
the inner surface of the laminate were extruded. There was a small number of nonuniformly distributed local/global trans-layer shear bands. The initial locally concentric
layers experienced cooperative buckling. These mechanisms were speciﬁc to the
conﬁguration studied and different from shear localization processes involving plastic
deformation and discussed in earlier work with fully dense or granular materials.

Figure 1.22 Experimental configurations used in ref. for explosive-initiated experiments
with RMs. A) Experiments with photo-multiplier tubes and thermocouples; b)
experiments with thermocouples.
Source: [227]
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Figure 1.23 Experimental configuration for the thick-walled cylinder method. See
https://doi.org/10.1080/14786435.2014.948524 for details.
Source: [229, 230]

Figure 1.24 Net QSP is the total QSP minus that of the test with inert (WO3) pellets.
Measured net QSP produced by W–Zr alloys normalized to the pure Zr case. Dashed
lines show expected net QSP for different degrees of tungsten reaction.
Source: [35]
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Figure 1.25 Charge configuration for reactive liners with a PBXN-9 booster used in
experiments. Dimensions are in mm.
Source: [231]

A different set of experiments with shock-initiated RSMs addresses applications,
in which an RSM is dispersed and initiated by interaction with a shock wave produced by
a high explosive (HE) [25, 35, 231]. In one of the experiments, a pressed pellet of
mechanically alloyed B–Ti powder was placed directly on top of an HE pellet. The
experiments were performed in a chamber with optical ports for high speed video and
spectroscopy. The chamber was also equipped with both transient and QSP transducers. It
was observed that the mechanically alloyed materials produced greater pressure and greater
energy release than other samples with the same bulk compositions (blended powders or
titanium boride). The method used to prepare mechanically alloyed material was found to
be critical to ensure the best performance. In other experiments, a conceptually similar
conﬁguration generating a more spatially uniform explosion was used for testing
mechanically alloyed W-Zr samples [35]. Disk-shaped 12.7-mm diameter pellets of RSM
pressed to 60-70%TMD were arranged to form a dodecahedron. An 18-g nitromethane
charge used to initiate the RSM was located at the geometrical center. Experiments were
performed inside a 1.2 m x 1.2 m x 1.2 m steel blast chamber. Both transient and QSP
measurements were made. Results were processed to estimate the completeness of tungsten
combustion based on the net QSP-implied energy release. The net QSP was obtained by
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reducing the measured QSP by that obtained in tests with the nitromethane charge and inert
tungsten oxide pellets instead of RSM. A bare Zr case was used as a reference for RSM
assessment. In the reference experiment, QSP suggested that approximately 86% of the
theoretical energy of Zr combustion was released. The calculated and measured energy
release is illustrated in Figure 1.24 [35]. If the only reaction is that of Zr, the calculated
energy release becomes smaller when W is added. The decay as a function of W
concentration is predicted even if 75% of the added W combusts. The present results
suggest no decay, or, in fact a slight increase in the QSP with tungsten combustion. Thus,
a nearly 100% reaction efﬁciency is implied. This reaction occurs in the time scale of 20–
100 ms (Figure 1.24).
In recent studies [35, 231, 232], an experimental conﬁguration involving a
cylindrical liner of an RM powder initiated by a centrally placed explosive charge, as
shown in Figure 1.25 was explored. Fragmentation of a pressed aluminum case was
studied in reference [232], while both aluminum and differently prepared Al–Mg
composites were used in the reactive liners in reference [231]. It was found that the
explosion leads to compaction of the aluminum powder to near solid density, and its
subsequent fracture into fragments that are several centimeters long and less than a
centimeter thick [232]. Reactive liners were prepared with pure aluminum, cast alloyed and
mechanically alloyed Al Mg powders, and with blended Al and Mg powders. For reference,
liners were also prepared ﬁlled with inert Al2O3 powder. All liners ﬁlled with reactive
powders produced higher QSP than the inert reference; they also exhibited a stronger initial
pressure peak occurring in the sub-millisecond time scale, important for improvement of
the air blast characteristics. In particular, both time of arrival of the pressure peak and its
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amplitude were improved in experiments with reactive liners. The mechanically alloyed
powder showed the most signiﬁcant improvement in the early blast characteristics,
although it did not offer substantial beneﬁts in terms of QSP, as compared to the pure Al.
These results are interesting as direct indicators that a very rapid reaction is possible for
RSMs, which could usefully contribute to the early blast development. The mechanisms of
such prompt metal combustion are not understood presently and further work is desired to
determine such mechanisms and exploit them for design of optimized RSMs.
1.7 Summary and Future Work
Metal-based compositions capable of various self-sustaining exothermic reactions have
been prepared and tested for potential use in applications requiring both structural strength
and ability to generate chemical energy upon initiation by heat, impact, or shock. Such
materials, referred to as reactive structural materials, emerged as an important group of
composites, prepared by multiple methods and required customized characterization
approaches. The composites can react forming oxides, ﬂuorides, carbides, borides, sulﬁdes,
silicides, and aluminides. They are prepared by mixing starting powders or nanopowders,
employing binders, mechanically reﬁning bulk metals or powders of starting materials, and
by layered deposition of starting elements or molecules. Consolidating composites
prepared as powders is an important step in designing RSMs, where both high density and
reactivity are desired. Contemporary approaches, such as involving additive manufacturing
and enabling design of customized material architectures are of particular interest.
Chemically, the most reactive systems are those relying on the reactions of
oxidation and ﬂuorination; however, typically materials relying on such reactions have
relatively low densities or require an external oxidizer. Including a high-density additive,
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such as tungsten, is relatively common; however, such additive is chemically inert in most
cases. Advanced reﬁning methods, such as high energy mechanical milling or preparation
of layered structures by magnetron sputtering generates useful, high density morphologies,
which hold promise of combining the high density and reactivity for the future RSMs.
Both mechanical and energetic properties of RSMs must be characterized.
Traditional characterization methods, such as static mechanical testing and thermal
analysis are necessary, but must be supplemented by dynamic experiments. In mechanical
tests, such as using SHPB, initiation of RSMs is probed in addition to recovery of their
dynamic mechanical properties. In addition, customized test methods, addressing, for
example, fragmentation of the RSMs upon impact and reactivity of the produced fragments
are developed and used for a broad range of RSM compositions. These experiments are
usefully supplemented with the studies focused on ignition and combustion of individual
particles and meso-particles, used to prepare consolidated RSMs and expected to re-emerge
upon the RSM fragmentation. Results of the latter studies may be used to predict the
behavior of RSM fragments in various practical scenarios. Little is presently done to
characterize long-term stability and aging of RSM composites, and work is expected in that
direction, involving advanced thermal analysis and microcalorimetry.
Dynamic initiation experiments for RSMs described in the literature currently can
be seen as two distinct groups: one, dealing with microscopic samples and involving very
ﬁne spatial and temporal scales, and the other, dealing with relatively large consolidated
samples exposed to conditions expected in a practical application. Presently, there is
essentially no link between the outputs of these different types of experiments. It is hoped
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that a better connection can be developed in the future. In particular, using the same types
of RSMs in different types of tests and comparing results systematically should be useful.
The theoretical ideas describing fragmentation and reactions in RSMs are much
less developed presently and were not reviewed here. Such descriptions are necessary,
however, and future experiments should be designed to enable and support development
of the relevant models. The models should describe both mechanical and energetic
properties of the new materials and must be compatible with the state of the art
hydrodynamic codes describing munition systems in which the use of RSMs is anticipated.
The work aimed at developing new RSM compositions is expected to continue and
focus on ternary and more complex materials systems. It is further expected that advanced
materials processing and consolidation techniques, such as mechanical milling, layered
deposition, controlled isostatic pressing, cold spray, and others will be combined to prepare
ﬁnal advanced RSM structures. Materials with modulated densities and tunable heat release
kinetics are of particular interest.
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CHAPTER 2
HIGH DENSITY REACTIVE COMPOSITE POWDERS

2.1 Introduction
Reactive materials do not detonate but burn rapidly with a gravimetric and volumetric heat
release comparable to or exceeding that of conventional propellants and explosives [19].
They can be used as fuels or customized fuel additives [4], reactive liners [233], weapons
casings [192, 234, 235], as reactive solders or brazes [236, 237], and as components of
pyrotechnic devices [238, 239]. Most of such materials are based on metals, such as Al,
Mg, B, Ti, Zr, etc. Both absolute heat release and rate of reaction are important while
utilizing reactive materials in all practical systems. For an important class of applications
involving kinetic penetrators[240-242], it is also necessary for the reactive structures to
have high density to maximize the momentum of the projectile. The combination of high
heat release, high burn rate, and high density is difﬁcult to ﬁnd while considering individual
metals with high heats of combustion; however, such a combination may be achieved in
composite structures.
Although aluminum is by far the most common metal fuel additive [83, 243, 244],
when selecting components for a composite material, it is natural to consider boron, which
possesses the highest volumetric theoretical heat of oxidation of any element at ca. 147 kJ/
cm3 [245]. Limitations of boron include its low density (2.5 g/cm3), long ignition delays
and relatively low burn rates [83]. It has been shown that combining boron with titanium
yields a composite with an accelerated burn rate and increased material density [25, 28,
244, 246-249]. The composites were prepared as mixed powders [26], titanium coatings
on boron powders [250], and fully-dense composite powders prepared mechanochemically
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(or via ball milling) [27, 28, 250]. The latter approach is most versatile and practical; it also
enables one to readily control the composition of the prepared composite. Upon initiation,
boron begins reacting with titanium forming TiB and/or TiB2 generating 10.7 and/or 21.6
kJ/cm3, respectively [25]. These are some of the most exothermic intermetallic reactions.
Although they are not matching the oxidation heat release of either boron or titanium, they
serve to rapidly raise the temperature of the composite. When such a fast and nearly
volumetric heating occurs in an oxidizing environment, the material goes on to oxidize
rapidly and completely [25, 28], generating more heat per unit volume than burning
aluminum, 103.5 or 111.5 kJ/cm3 for B∙Ti and 2B∙Ti, respectively (compare to 83.8 kJ/cm3
for aluminum combustion [28]). The densities of B-Ti composites (3.9 and 3.6 g/cm3 for
B∙Ti and 2B∙Ti, respectively), exceed that of aluminum (2.7 g/cm3).
Despite energetic and density advantages, B-Ti composites do not match the
density of common structural materials, such as steel, used to construct munition casings.
To increase the density of reactive composite material used for kinetic energy penetrators
or similar applications, highly reactive B-Ti composites can be combined with tungsten
(density of 19.3 g/cm3). Tungsten heavy materials are widely used or explored for the
penetrators [25, 28, 38]; however, they commonly do not rely on tungsten combustion.
Combustion of tungsten is used in selected pyrotechnic devices [251, 252]; however,
tungsten is known to be difﬁcult to ignite and have low burn rates, which mostly restricts
the current uses of its combustion to slow-burning delay mixtures [253]. Recently, it was
shown that combustion of tungsten can be catalyzed by preparing its composite with
zirconium, another readily burning metal [254]. The approach involving catalyzing
tungsten combustion is promising for the reactive structural materials and is explored here
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by combining tungsten with a boron-titanium composite. The composition selected for this
study is that having the density of steel, 7.8 g/cm3. It is achieved by combining boron,
titanium, and tungsten with the mole percentages of 53, 26, and 21, respectively. The total
energy of the intermetallic reaction in this composite is 9.36 kJ/cm3 (formation of TiB2);
its total heat of combustion (or complete oxidation of all metals) is 108 kJ/cm3. The paper
describes mechanochemical preparation of the composite powder and its characterization
involving electron microscopy, thermal analysis, and combustion experiments.

2.2 Experimental
2.2.1

Materials

Starting materials and the overall composition of the prepared composites are described in
Table 2.1. The particular composition used here was chosen in part to maximize the energy
release by the TiB2 formation, using a 2:1 B:Ti atomic ratio. The amount of tungsten was
chosen to yield a ﬁnal theoretical maximum density equaling that of steel, or 7.8 g/cm3.
After an initial set of composites prepared with -325 mesh tungsten, a different, ﬁner,
tungsten powder was used in order to improve reﬁnement of the components. Binary B∙Ti
and B∙∙W composites were prepared with the respective component ratios from Table 2.1.
Composite B-Ti-W powders were prepared by mechanical milling. A SPEX 8000D shaker
mill was primarily used. Five grams of powder were milled with 25 g of 3/800 (9.53 mm)
balls, giving a ball-to-powder ratio of 5. Milling was performed under argon, and 10 mL
of hexane were used as process control agent. Milling vials and media of hardened steel,
and of stabilized zirconia were both used. Milling with steel media introduced noticeable
levels of iron contamination in the resulting composite. While not necessarily detrimental
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to performance, this did make sample analysis more challenging due to the formation of
iron-bearing phases. The compositions characterized in detail here were therefore prepared
using zirconia vials and milling media.
Two general milling protocols were followed: in one set of experiments, the
component powders were loaded into the milling vials together, and then milled for varying
periods of time. Materials prepared using this single-step milling protocol will be denoted
as B∙Ti∙W. In a second set of experiments, boron and tungsten powders were milled ﬁrst in
order to minimize the reaction between boron and titanium during milling. Combining
mechanically harder boron and tungsten in the ﬁrst milling step also helped achieving a
more homogeneous distribution of tungsten in the ﬁnal composite material. This ﬁrst
milling step produced binary B∙W composites. Titanium powder was added later.
Composites prepared using this two-stage milling protocol are designated as (B∙W)∙Ti.
Milling times varied in the 2-7 h range based on experience from prior work [255, 256].
For comparison of combustion behavior, a reference material was prepared by blending
elemental tungsten with a preliminarily prepared B∙Ti binary composite; this reference
blend is labeled (B∙Ti)∙W.
Table 2.1 Elemental Composition
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2.2.2

Characterization

Morphology of, and elemental distribution in the prepared composites were examined on
a LEO 1530 VP scanning electron microscope operating at 10 kV, and using a backscattered electron detector.
Particle size distributions were determined using a Beckman Coulter LS230 particle
analyzer. Suspensions were prepared in ethylene glycol. Measurements were repeated three
times, and ultrasonic agitation was used for the ﬁnal repetition. Size distributions were
accepted as stable only when all repetitions coincided.
Reactive properties were characterized by differential thermal analysis using a
Netzsch STA409-PG thermal analyzer. Samples were heated from 50 to 1100 ˚C under
argon at a rate of 10˚ per minute, allowed to cool and then reheated. The second heating of
the sample was subtracted from the ﬁrst to compensate for baseline effects. Onset
temperatures of exothermic reactions and the net heat release over the observable
temperature range were used to compare materials against each other as well as with the
literature values. These comparisons also were used to guide the details of the milling
protocol.
X-ray diffraction on a PANalytical Empyrean diffractometer with unﬁltered Cu-Ka
radiation was used to assess reaction products formed during thermal analysis.
Bulk energy release upon combustion, and combustion rate in an oxygen
atmosphere were assessed in a custom constant volume chamber shown schematically in
Figure 2.1. In practical applications, reactive materials are expected to be ignited using
booster charges or similar high-energy ignition sources. Such igniters are difﬁcult to imitate
in the small-scale laboratory tests. Thus, in order to achieve the most reliable ignition, pure
oxygen was chosen as an oxidizing environment in these tests. Oxygen was also helpful in
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maximizing the pressure rise from the relatively small sample masses used. Samples with
masses up to 0.3 g were contained in a brass plate with a 3.05 mm diameter, 0.635 mm
deep machined recess. This sample holder was covered with a mask that only leaves the
recess open, and placed under a 140 mesh (106 mm) sieve. Small amounts of powder were
then passed through the sieve. This procedure avoided any incidental compaction of the
powder, ensuring even dispersal during ignition and combustion. The sample holder was
weighed on a Mettler Toledo AX205 Delta Range microbalance before and after loading,
and after the combustion test in order to determine initial and ﬁnal sample masses. The
loaded sample holder was then placed in the combustion chamber. The chamber was sealed
and pressurized with oxygen to about 3.5 atm, and bled again to atmospheric pressure. The
pressurization/bleeding cycle was repeated ﬁve times in order to ensure an atmosphere of
>99% O2. For sample ignition, a modiﬁed model 931 ﬁring test system by Electro-Tech
Systems, Inc. was used. Samples were initiated by discharging a 2000 pF capacitor charged
to 12 kV, and the chamber pressure was measured with a factory-calibrated ICP 113B28
pressure sensor with a 0-50 psi pressure range and acceleration compensation, and recorded
using a RIGOL DS1054 oscilloscope. From the pressure-time records, maximum chamber
pressure and time to peak pressure were determined. For reference, the adiabatic chamber
pressure assuming the complete combustion generating thermodynamically equilibrated
products was calculated using NASA CEA code [257]. In preliminary experiments, a
stoichiometric 2Al∙3CuO nanocomposite thermite prepared by arrested reactive milling
and known to be highly reactive [204, 258] was ignited in this chamber. The measured
pressures reached nearly 50% of those predicted by the NASA CEA code.
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Figure 2.1 ESD constant volume combustion chamber.
2.3 Results
Figure 2.2 and Figure 2.3 show backscattered electron images of the prepared composites.
Figure 2.2 shows the binary composites B∙Ti and B∙W. In both materials boron forms
isolated inclusions in a continuous matrix consisting of Ti, and W, respectively. The images
at slightly lower magniﬁcation on the left show that the B∙Ti composite particles are overall
less porous. In contrast, the tungsten matrix is less continuous; some individual deformed
and rarely even undeformed particles of tungsten can be distinguished even after 4 h of
milling.
Figure 2.3 shows ternary milled composites and, for reference, also a partial blend.
The ﬁrst composite is an example of the direct/ straight milling protocol, where all
components were milled for the entire duration. The second composite, with the same
composition, was milled in stages: the binary B∙W composite shown in Figure 2.2 was
milled for an additional 2 h with the addition of titanium. While boron is recognizable as
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micron to submicron sized dark inclusions in both materials, titanium and tungsten are less
readily distinguished, suggesting intimate mixing using either milling protocol. Finally, the
third material consists of a blend of the binary B∙Ti composite shown in Figure 2.2, and
the original 1e5 mm tungsten powder. All materials shown in Figure 2.3 have the same
bulk composition and differ only in the method of milling and blending.
Size analysis using light scattering showed that materials had relatively broad size
distributions with average sizes of less than 10 mm and upper limits near 50 mm. Based on
SEM images, there was no signiﬁcant particle size differences between any of the prepared
powders. An example of the size distribution is shown in Figure 2.4.
Figure 2.5 shows the results of differential scanning calorimetry. The progression
of DSC curves with milling time for composite milled in a single stage is shown in Figure
2.5A. Figure 2.5B and C show the DSC curves for the initial and ﬁnal stages of the twostage milling protocol. Most DSC curves show a pronounced exothermic effect near
1000˚C. An endothermic effect near 400-500 ˚C develops for ternary composites at longer
milling times. Besides these localized effects, there is a broad exothermic background
indicating gradual formation reactions of intermetallic equilibrium phases. Integration of
these curves is challenging due to the wide temperature interval. As a ﬁrst approximation,
the curves can be integrated by drawing a linear baseline between the temperature limit.
This gives a semi-quantitative measure of the exothermic enthalpy released during heating.
A summary plot for the cases shown in Figure 2.5 is shown in Figure 2.6. The
stars show data for the materials obtained by the two-stage milling, the inset axis in Figure
2.6 shows the duration of the second milling step, which is added to the times scale shown
in the main time axis. Observed exothermic enthalpies for all materials exhibit a maximum
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at intermediate milling times. At short milling times, the components are still poorly mixed,
limiting the reaction by long diffusion distances. At long milling times, equilibrium
intermetallics or their precursors form during milling, limiting the enthalpy available
during heating. Within the resolution shown in Figure 2.6, the optimum milling times are
2 h for the single-stage milling protocol, and 4 h for the ﬁrst and 2 h for the second stages
of the two-stage milling protocol.
To conﬁrm the state of the materials after milling, and after annealing, selected
samples were analyzed by x-ray diffraction. Figure 2.7 shows samples prepared by singlestep milling with 1, and 2 h milling time, in the as-milled state, and after recovery from the
DSC analysis shown in Figure 2.5A. As expected, elemental component Ti is still seen
after one hour of milling. After two hours its crystallinity and grain size has decreased
enough to be no longer detectable. Tungsten remains visible, although peaks do become
slightly weaker. Boron is nominally amorphous and is therefore never detected in the asmilled materials. A small peak observed around 30˚ is contamination by zirconia from the
milling tools. After annealing to 1100 ˚C during thermal analysis, elemental tungsten is
still present, although in smaller amounts. The WB intermetallic phase is a major reaction
product in both materials, as is TiB2. The W2B intermetallic phase is only present in the
material milled for 2 h.
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Figure 2.2 Backscattered electron images of the binary composites B∙Ti and B∙W with
respective compositions as indicated in Table 2.1. The darker inclusions are boron in
either composite, and the brighter matrix is titanium and tungsten, respectively.
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Figure 2.3 Backscattered electron images of ternary B∙Ti∙W composites with
composition shown in Table 2.1. The top two sets represent milled composites and the
bottom set a partially blended composite or reference. The ﬁrst composite was milled
with all components directly, while the second composite was milled in two stages. The
darker inclusions are boron in all cases. Both, titanium and tungsten are relatively
brighter and not well distinguished in the milled composites. Tungsten is seen as the
well-crystallized, blended component in the partial blend.

Figure 2.4 Particle size distribution of a B∙Ti∙W composite prepared by the two-stage
milling protocol.
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Figure 2.5 DSC measurements of B∙Ti∙W composites.

Figure 2.6 DSC integrals of binary and ternary composites as function of milling time.
The prepared powders were initiated by an electrostatic discharge in a constantvolume chamber under pure oxygen. Records of the chamber pressure vs. time were the
only diagnostic signal. Examples of the raw results are shown in Figure 2.8. All traces
shown in Figure 2.8 are from the same material. The pressure pulses are all relatively slow,
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typically peaking after more than 40 ms with some times sharper, some times more
ﬂattened maxima. There was a relatively strong variability.
The data shown in Figure 2.8 were reduced to extract the peak pressure value, and
the peak value of the pressure-time derivative. The peak pressure is interpreted as
proportional to the total heat release from combustion and the pressure derivative served
as an indicator of the reaction rate. These reduced results are shown in Figure 2.9 as plots
of peak pressure vs. the amount of sample loaded and ignited. Figure 2.9 shows the
component binary B∙Ti material for reference, and selected ternary composites prepared
using the single-stage protocol and the optimum material prepared using the two-stage
milling protocol. In order to meaningfully compare the component B∙Ti material with the
ternary tungsten-containing materials, the sample volume was chosen as common axis. In
addition, Figure 2.9 shows maximum pressures for adiabatic combustion of the materials
calculated using NASA CEA code. In calculations, the initial reactants were entered as B,
Ti, W, and O2. The products predicted were mostly limited to three condensed oxides,
B2O3, TiO2, and WO3 with O2 being the only gas. As previously suggested by Figure 2.8,
there is substantial scatter in the observed peak pressure. The values obtained for the
ternary composite prepared using the two-step protocol appear to be somewhat higher than
all others, however. All observed peak pressures are substantially less than the theoretical
adiabatic limits due to a combination of incomplete combustion and non-adiabatic
conditions. Peak pressurization rates, or maxima of the pressure-time derivatives, are
shown in Figure 2.10. Here, too, the ternary material prepared by the two-stage protocol
appears to be faster than all other materials, although there is also strong scatter in the
results.
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Figure 2.7 XRD of B∙Ti∙W composites in as-milled state, and after annealing to 1100 ˚C.

Figure 2.8 Examples pressure traces produced by a composite material ignited in oxygen
by an electric spark. All three experiments used the same batch of the composite powder
prepared by the two-stage milling protocol.

Figure 2.9 Peak pressure vs sample volume in constant-volume combustion tests.
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Figure 2.10 Maximum rate of pressure increase (dP/dt) in constant-volume combustion
tests.

Figure 2.11 Summary of constant-volume combustion tests.
In order to meaningfully interpret the results shown in Figure 2.9 and Figure 2.10,
linear regression was performed for each material to obtain a value for the peak pressure
generated per reference volume combusted. The pressures calculated by NASA CEA code
shown in Figure 2.9 are not strictly linear functions of the sample volume. However, the
scatter in the measured data far exceeds the nonlinearity in the theoretical curve so that a
linear ﬁt for the pressure vs. sample volume was considered adequate for interpreting
experimental data. The intercept value for the regression (that is, the pressure for zero
amount of sample) was constrained to zero in the calculation. The peak pressurization rate
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generated by a reference volume was obtained in an analogous way. These reduced results
are shown in Figure 2.11.
This summary shows that the least pressure per reference volume is generated by
the binary component B∙Ti composite. All ternary composites prepared using the singlestage protocol, as well as the reference blend of tungsten and the binary B∙Ti composite
are virtually indistinguishable within their respective error bars. The peak pressure
generated by the material prepared by the two-stage protocol is larger than all other values.
The peak pressurization rate is high for the binary B∙Ti composite. It is signiﬁcantly lower
for all single-stage ternary composites and the reference blend. The ternary composite
prepared by the two-stage protocol shows a peak pressurization rate exceeding that of the
binary composite and even slightly higher than that of the binary B∙Ti powder.
2.4 Discussion
The heat ﬂow data shown in Figure 2.5, and summarized in Figure 2.6, demonstrate that
while binary B∙W composites are mildly energetic in their own right due to the formation
of B∙W intermetallics, the bulk of the energy release from intermetallic reactions in the
ternary composite is due to the boron-titanium reaction. The degree to which this
intermetallic reaction enthalpy can be recovered to assist ignition depends on the material
structure tuned using the milling protocol. The ideal structure would include ﬁne inclusions
of tungsten embedded into a nanocomposite of boron and titanium. The ﬁner the scale of
mixing, the more rapid reaction is expected. Presence of any borides (reacted phases) is
undesirable, although a reduction in the overall combustion enthalpy may be relatively
small if a fraction of the composite has reacted during milling. Structures with boron fully
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embedded in tungsten or vice versa are also undesirable, because boron-titanium reaction
may not occur while the material is being thermally initiated.
The material prepared using the single-stage protocol shows predictable behavior.
At shorter milling times of less than 2 h, the composite is relatively coarse, diffusion
distances are large, and the reaction is slow enough to not proceed to completion on the
time scale of minutes used in thermal analysis. At milling times longer than 2 h,
intermetallic reactions are induced during milling, reducing the enthalpy available to assist
ignition. An optimum is observed here near 2 h milling time. Similar optimal conditions
are observed for the initial and ﬁnal stages of the two-stage milling protocol.
Under the respective optimal conditions for the ternary composites (Figure 2.6),
less energy is recovered from the material prepared using the two-stage protocol compared
to the single-stage milling protocol. These optima, however, apply to the speciﬁc time scale
of the thermal analysis measurements. Ignition of particles with sizes on the order of 10
mm, and in typical combustion applications occur on time scales of milliseconds or less,
requiring corresponding short diffusion distances. Maximizing the intermetallic reaction
enthalpy on an absolute scale therefore may not be as important as high inclusion
reﬁnement in the composite, enabling recovery of intermetallic formation enthalpy on the
time scale of ignition processes.
The above reasoning is supported by the combustion results summarized in Figure
2.11. All ternary composites prepared using the single-stage protocol, as well as the
reference blend of B∙Ti∙W are indistinguishable on a time scale of less than 100 ms (Figure
2.8). Conversely, the ternary composite prepared using the two-stage protocol releases
more combustion enthalpy and the energy release occurs faster compared to any other
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material in Figure 2.11. This suggests that the degree of reﬁnement in the composite is
greater in the two-stage material, and therefore the recovery of the intermetallic reaction is
effective on the time scale of this test.
It is reasonable to speculate that the better reﬁnement is achieved by the effectively
much longer cumulative milling time, 6 h for the two-stage material compared to 2-4 h for
the single stage material. On the other hand, the thermoanalytical measurements (Figure
2.5 and Figure 2.6) suggest that comparable milling times for the single-stage material
would have resulted in near complete formation of the intermetallic compounds during
milling, and removed any advantage they could provide for ignition. Therefore, the main
advantage of the two-stage milling protocol is that it enables greater structural reﬁnement
of ternary B∙Ti∙W composites with limited sacriﬁces of intermetallic reaction enthalpy.
The pressures recovered from the combustion experiment are only fractions of
calculated adiabatic pressures (see Figure 2.9). Given that this fraction is not drastically
different between binary B∙Ti and ternary B∙Ti∙W composites, and that binary B∙Ti
composites combust readily [25, 28, 244, 246-249], the major cause for the lower than
calculated pressures are nonadiabatic losses, most likely due to radiation and heat transfer
into the brass sample holder. Considering data shown in Figure 2.11 and accounting for
the relatively high reactivity of binary B∙Ti composite, it can be concluded that tungsten
was participating in combustion in all ternary materials. The results are shown in Figure
2.11 for pressure per unit volume of the material, so assuming that all B∙Ti composite
present in the sample reacts to the same completeness, a lower pressure per unit volume
would be expected for the ternary materials with the inert tungsten. Instead, all pressures
for the ternary composites are higher than for B∙Ti suggesting that tungsten is combusting
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adding to the energy release by B∙Ti. Taking the B∙Ti∙W blend, and all single-stage milled
composites as reference, the increase in pressure is greater for the two-stage composite.
This suggests combustion of a larger fraction of the contained tungsten in the two-stage
composite, which contributes to the heat release in the ms time scale.
Regarding the constant-volume combustion test used here, the peak pressures
shown in Figure 2.9 as well as the peak pressurization rates shown in Figure 2.10 exhibit
substantial scatter. The greatest cause of experimental error in these measurements comes
from uncertainties of the amount of material actually combusted. The tungsten bearing
composites are heavy, and despite efforts to avoid any packing during sample placement,
the amount of material actually aerosolized, and therefore effectively combusting, is not
well known. A plot combining Figure 2.9 and Figure 2.10, shown in Figure 2.12,
eliminates this source of uncertainty. Here, the peak pressurization rate is directly related
to the peak pressure, bypassing any uncertainty in the material amount. This plot shows
substantially less scatter than Figure 2.10. Further, relations between the materials support
the rate data shown in Figure 2.11: the trends for the peak pressurization rates of the binary
B∙Ti and two-stage ternary B∙Ti∙W composites are both above the trends for all other
ternary composites, which are virtually indistinguishable.
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Figure 2.12 Maximum rate of pressure change vs. peak pressure, compensating for
sample mass uncertainties
2.5 Conclusions
Ternary B∙Ti∙W composites were prepared by mechanical milling with the powder density
matching that of steel. The milling protocol was varied and optimized to exploit
intermetallic formation reactions to readily ignite and completely burn the prepared
powders. The milling protocol consists of two stages: boron and tungsten are combined in
an initial stage, while titanium is added in a second stage. The two-stage milling improves
the scale of mixing while minimizing formation of borides in the prepared composites.
Boron-titanium exothermic reaction releases most heat upon thermal initiation of the
prepared materials; boron tungsten reaction is also sufﬁciently exothermic and needs to be
accounted for. Both pressure and rate of pressure rise produced by the ternary material
prepared following the optimized protocol and ignited in oxygen by an electric spark
exceed those produced by reference materials with nominally the same composition but
having different structures stemming from different preparation protocols. Tungsten
combustion occurs for all prepared ternary materials. The optimized structure of the ternary
nanocomposite materials prepared by two-stage milling enables tungsten contained in the
powder to combust most effectively in millisecond time scales.
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CHAPTER 3
ZIRCONIUM-BORON REACTIVE COMPOSITE POWDERS PREPARED BY
ARRESTED REACTIVE MILLING

3.1 Introduction
Exothermic reactions accompanying formation of intermetallic or metal-metalloid
compounds are often exploited for brazing [259] and in various munition components, e.g.,
penetrators [260], reactive liners [261], and weapons casings [262]. These reactions may
also be used in illumination flares [263] and propellants [264]. Compounds typically
formed in such reactions include borides, carbides, silicides, and aluminides [265]. Starting
components can be mixed elemental powders, nanopowders, or prepared as differently
structured nanocomposite materials [150]). It was shown that both sensitivity to initiation
[266] and completeness of the ensuing reactions [25] can be substantially improved when
reactive components are mixed on the nanoscale. Using fully-dense composite powders
prepared by Arrested Reactive Milling (ARM) [267] combines the reactivity of
nanocomposite reactive materials with the ease of handling associated with conventional
micron scale powders. Among various reactive materials, ARM was used to prepare
reactive composites combining boron and titanium [25, 28, 268]. These composites were
ignited readily and burned rapidly and completely in different oxidizing media. A
chemically similar system involving boron and zirconium has not been explored to date
using similar experimental approaches. It was estimated to have a very high adiabatic flame
temperature (3763 K) and high energy density [38]. Boron-zirconium composites also have
a higher density than similar boron-titanium powders, making them more attractive in
selected applications favoring high-density reactive materials, e.g., in reactive kinetic
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penetrators. This study is aimed to prepare boron-zirconium composite powders by ARM
and characterize their ignition and combustion behavior.
3.2 Adiabatic Flame Temperatures and Equilibrium
Combustion Products for B-Zr Composites
Adiabatic flame temperatures and equilibrium combustion products predicted using NASA
CEA code [257] are presented in Figure 3.1. These data are helpful when interpreting
experimental results discussed below.

Figure 3.1 Predicted adiabatic flame temperature and main products formed for B∙Zr
composite burning in air at different equivalence ratios. Adiabatic flame temperatures for
elemental B and Zr are also included for reference.
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Calculations considered a mixture of elemental boron and zirconium (taken at a
mole ratio of 2:1) exposed to air at different equivalence ratios, φ. Adiabatic flame
temperatures are also shown for individual elemental boron and zirconium exposed to air
with φ varied in the same range, while the products are only shown for the composite
material. The predicted flame temperature for the composite generally is between those
predicted for pure Zr and B.
It is expected that very fuel-rich conditions (φ≫1) exist at the surface of burning
composite particles, while the equivalence ratio decreases with distance from the particle
surface. Data describing ZrB2 were taken from NIST Chemistry website [37] and included
in the CEA database. The combustion products are shown in two plots, separating species
containing oxidized boron and zirconium.
A local maximum reaction temperature of 3233 K is predicted for the composite
material at φ = 1. The main products at that point are BO, BO2, B2O3, and ZrO2(L).
Similarly, maxima in the adiabatic flame temperature at φ = 1 are observed for both B and
Zr. At φ > 1, the adiabatic temperature for the composite first decreases as amounts of BO
and B2O2 in the products increase, while amounts of BO2 and B2O3 diminish. At
continuously increasing values of φ, the adiabatic flame temperature increases again,
primarily due to the preferential formation of ZrB2 and because of formation of ZrN.
Formation of ZrN also causes an increase in the adiabatic flame temperature for pure Zr at
large equivalence ratios.
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3.3 Material Preparation
Composite powders were prepared using high-energy ball milling of elemental boron and
zirconium powders. Starting components were -325 mesh, nominally 95% pure boron
(SB95 by SB Boron) and 2–3 µm zirconium (product 00847 by Alfa Aesar) powders. The
powders were blended in a 2:1 mole ratio to yield a stoichiometric ZrB2 with the reported
heat of formation of 3.61 kJ/g or 14.06 kJ/cm3 [38, 269]. A Spex Certiprep 8000 shaker
mill was used with 65-ml hardened steel vials and 9.525-mm (3/8”) diameter hardened
steel balls. The powder mass loaded in each vial was 5 g, and the ball to powder mass ratio
was 7. The milling vials were loaded and unloaded in an argon-filled glovebox. Hexane
was used as a process control agent (PCA); 10 ml of hexane was added in each milling
vial. Using liquid PCA prevented self-sustaining reaction from occurring during milling
even if a fraction of the powder began reacting to form zirconium boride. Different milling
times were used to prepare different powder batches. The milling times used were 0.5, 1,
2, and 3 hours.
3.4 Characterization of the Prepared Composites
Prepared samples were characterized by powder x-ray diffraction (XRD) using a
PANalytical Empyrean x-ray diffractometer operated at 45 kV and 40 mA using unfiltered
Cu Kα radiation (λ = 1.5438 Å) and scanning electron microscopy (SEM) using a LEO
1530 field emission SEM. Both as-milled powder samples and cross-sections of powder
embedded in epoxy were examined using the SEM. Particle size distributions were
measured first using a Malvern Panalytical Mastersizer 3000 with the hydro MV sampling
unit. Powders were dispersed in ethylene glycol. In combustion experiments (discussed in
more details further), powders were fed by a customized feeder delivering them either into
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a focal point of a CO2 laser beam or in the air-acetylene flame, where the powders were
ignited. Because agglomeration and particle size-dependent settling could occur prior to
ignition of the powders, separate measurements of the particle size distribution were made
using particles collected after passing through the feeder. The powders were collected on
a flat substrate coated with a double sided, conductive adhesive tape and examined using
SEM. Images of the collected particles were taken at different magnifications and
processed to obtain the particle size distributions following the method discussed in more
detail elsewhere [270]. The particle size distributions obtained this way could be directly
correlated with the measured distributions of the particle burn times, as discussed below.
Thermo-analytical measurements, including differential scanning calorimetry
(DSC) and thermo-gravimetry (TG) were performed with selected samples of the prepared
powders using a Netzsch Thermal Analyzer STA409PG. The samples were heated to 1273
K (1000°C) at 5 K/min in a flow of argon (99.998% pure by Airgas, flown at 50 mL/min).
For each experiment, the heating program was repeated without removing the sample; the
traces recorded during the second heating served as baselines. Some of the samples were
recovered after the first heating and inspected using XRD.
3.5 Ignition and Combustion Experiments
Ignition of the prepared powders was characterized using an experimental setup employing
an electrically heated filament. Following multiple previous studies, e.g., [171, 271, 272],
a thin layer of the powder was coated onto a nickel-chromium filament (0.5 mm diameter).
To prepare the coating, the powder was suspended in hexane and the suspension was
deposited onto the filament using a small paintbrush. The hexane was allowed to dry prior
to the ignition experiment. Only a 10-mm long portion of a 4.67 cm long filament was
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coated. The filament was then heated using one or three 12-V (Kinetik HC600-Blue)
batteries connected in series, resulting in the respective heating rates of approximately
2,000 or 20,000 K/s. The filament temperature was monitored in real time using an optical
pyrometer comprising a germanium switchable gain detector (PDA30B2 by Thorlabs). The
light to the detector came through a fiber optics cable equipped with a lens focused on an
uncoated section of the wire. The pyrometer was calibrated using a black body (BB-4A by
Omega Engineering). The pyrometer signal was recorded using a Rigol DS1054Z
oscilloscope at rates above 1 kHz. The experiment was recorded at 500 frames per second
using a high-speed camera, MotionPro 500 by Redlake. The recorded video was used to
identify the instant of the powder ignition and thus determine the corresponding filament
temperature. The camera is primarily sensitive in the visible light range with no significant
sensitivity in the IR.
Combustion of the prepared powders was studied in air and in a heated flow of
mixed CO2 and H2O generated by a fuel-lean, premixed air-acetylene flame. In both
experiments, a customized powder feeder capable of feed rates in the range of 1 mg/min
was used. Powders exiting the feeder moved vertically in a flow of a carrier gas. In air,
particles were ignited by passing through a beam of a CO2 laser (Synrad Evolution 125).
Air served as a carrier gas. The laser operated at 50% of its maximum power ensuring
reliable ignition of particles crossing the beam focused to about 250 µm diameter. Particles
igniting in the combustion products of the hydrocarbon flame were injected coaxially at
the flame’s center. Nitrogen served as a carrier gas in those experiments. The flowrates of
air, acetylene, and nitrogen were 6.5, 0.475, and 2.25 l/min, respectively (φflame = 0.53).
Details of both experiments are available elsewhere [270, 273, 274]. In all combustion
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tests, particle emission was monitored using two Hamamatsu R3896-03 photomultiplier
tubes (PMT) equipped with interference filters at 700 and 800 nm. Each burning particle
produced an emission pulse. Durations of such pulses were measured. Once overlapping
pulses were removed from the collected data set, the distributions of the measured pulse
durations was correlated with the measured particle size distribution for the powders passed
through the feeder. Such correlations were interpreted as trends showing the effect of
particle size on its burn time. Additionally, ratio of the optical signals measured at different
wavelengths was used to evaluate the color temperature of the burning particles. For this
processing, the particles were assumed to behave as gray body emitters. Preliminarily, the
outputs of the filtered PMTs were calibrated using a tungsten lamp as a light source. The
lamp’s filament was heated to different temperatures in the range of 2000–2900 K, using
an adjustable DC power supply and its temperature was measured using an externally
calibrated BLACK-Comet StellarNet spectrometer serving as a standard.
3.6 Results and Discussion
3.6.1

Characteristics of the Prepared Materials

XRD patterns for different composite powders are shown in Figure 3.2. Only Zr peaks are
seen in the composites milled less than 2 hours. It is not unexpected because SB95 boron
is mostly amorphous. The amplitude of Zr peaks progressively diminishes with the milling
time. For the sample milled for 3 hours, only very weak signatures of the strongest Zr peaks
can still be distinguished. For samples milled for 2 and 3 hours, an additional peak at about
2Θ≈44° is observed. This peak could not be unambiguously assigned, but could be an
indication of iron contamination by the milling tools, or forming zirconium oxides or
oxyborides.
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Patterns shown in Figure 3.2 were processed to roughly evaluate the crystallite size
and lattice strain in zirconium. It was observed that within the first hour of milling, the
nominal crystallite size decreases down to ca. 0.15 µm; it stabilizes at longer milling times.
The lattice strain increases continuously with the milling time.
SEM images of the prepared powders and their cross-sections are shown in Figure
3.3 and Figure 3.4, respectively. The sample milled for 30 min appeared poorly mixed
containing multiple individual Zr and B particles. It was not examined in further
experiments. Boron and zirconium appear to be mixed on the scale of about 1 µm in
roughly equiaxial particles formed in the sample milled for 1 hour, as seen in Figure 3.3
(top). The images taken using backscattered electrons show a clear compositional contrast
between bright zirconium and dark boron parts of the composite. The mixing appears to
become finer for the sample milled for 2 hours (Figure 3.3, center). Images of the sample
milled for 3 hours (Figure 3.3, bottom) do not show a distinct compositional contrast
between boron and zirconium. This suggests that the scale of mixing was reduced to
become smaller than the resolution of these images. A large number of fine particles is also
apparent in that sample.
A better assessment of mixing between boron and zirconium can be obtained
observing cross sectioned composite particles, as shown in Figure 3.4. In each image, a
fraction of a particle cross section is shown. As in Figure 3.3 Backscattered electron SEM
images of prepared composite powders milled for 1 h (top), 2 h (center), and 3 h (bottom).,
images are taken with backscattered electrons highlighting the contrast between bright
zirconium matrix and darker boron inclusions.
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Figure 3.2 XRD patterns of the prepared composite powders as well as of the blended
powder of the starting components.
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Figure 3.3 Backscattered electron SEM images of prepared composite powders milled
for 1 h (top), 2 h (center), and 3 h (bottom).
Qualitatively, all three images shown in Figure 3.4 look similar to each other. Each
cross-section shows dark boron inclusions, ranging in size from 100 nm to almost 1 µm
embedded rather uniformly in a zirconium matrix. The boron inclusions appear to have the
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same sizes in all three cross-sections shown. A few micron-sized zirconium areas that
contain no embedded boron are seen for the particles milled for 1 and 2 hours.

Figure 3.4 Backscattered electron SEM images of prepared composite powders milled
for 1 h (top), 2 h (center), and 3 h (bottom). The particles are embedded in epoxy and
cross-sectioned. Each image shows a portion of a typical cross-sectioned particle.
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To evaluate the quality of mixing between components more quantitatively, such
images as shown in Figure 3.4 were processed using Fiji software [275]. Fifty cross
sectional images were processed for each material. Processing included recursive median
filtering, application of an unsharp mask and thresholding to produce a binary image. This
binary image was processed to obtain Feret’s diameter for all B inclusions. Further, a
chamfer distance transform [276] was applied to the pixels representing the Zr matrix. This
produced an image where the brightness of any matrix pixel corresponds to its distance to
the nearest interface with B. A histogram of the brightness values therefore shows a
distribution of separation distances between Zr and B. Lower distance values are taken as
a measure of finer mixing of the components. A narrower distribution indicates more
homogeneous mixing. This is shown in Figure 3.5. Corresponding B inclusion sizes are
shown in Figure 3.6. There is a systematic reduction in distance between zirconium and
boron inclusions as the milling time increases from 1 to 2 hours (Figure 3.5). This indicates
an improvement in homogeneity of boron/zirconium mixing. In other words, boron
inclusions become dispersed more uniformly. A further increase in the milling time results
only a slight change in that distance, suggesting that the materials milled for 2 and 3 hours
are nearly identical, in terms of mixing homogeneity between components. Boron inclusion
sizes are effectively the same for all three samples (Figure 3.6). More than 90% of all
boron inclusions have dimensions smaller than 0.1 µm.
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Figure 3.5 Distribution of distances from zirconium matrix to boron inclusions in
composite materials prepared using different milling times.

Figure 3.6 Size distributions of boron inclusions embedded in zirconium for composite
materials prepared using different milling times.
Size distributions measured using low-angle light scattering for the composite
powders suspended in ethylene glycol are shown in Figure 3.7. For each histogram, a
dashed vertical line and associated label show an average particle size. Despite some
difference in the average particle size, the size distributions are very similar to each other
for the powders prepared using 1- and 2-hr milling. The particles are finer for the powder
prepared using 3-hr milling. This is consistent with the qualitative observation made from
Figure 3.3 where multiple fine particles are observed for the latter sample.
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The powder particle size distributions for the same powders carried from the
customized feeder to the laser beam and to the flame are shown in Figure 3.8. The peaks
of the size distributions clearly shifted compared to the sizes shown in Figure 3.7. Coarser
average particle sizes for the powders passed through the feeder suggest that some of the
particles agglomerated, or that finer particles were not effectively collected. Alternatively,
the agglomerates could have been present in as prepared powders; such agglomerates could
have been broken apart when the powders were suspended in ethylene glycol and subjected
to ultrasonic excitation to obtain results shown in Figure 3.7, but they could pass through
the feeder unaltered. If agglomerated particles are exposed to an ignition heat sources, such
as laser beam or flame, they are expected to coalesce forming burning particles with
dimensions close to those of the as fed agglomerates. Therefore, the particle size
distributions shown in Figure 3.8 were used to interpret the measured particle burn times.
For all three powders prepared using different milling times, the particle size distributions
are similar to one another when the powders were fed into the laser beam. For the powder
fed into the burner, when nitrogen instead of air served as carrier gas and flowrates were
slightly different, the particle size distribution shifted to smaller sizes, while still showing
a noticeable change in the particle sizes compared to Figure 3.7.
For all particle size distributions shown in Figure 3.8, lognormal fit functions were
obtained, as shown by solid lines in each plot. These lognormal functions were used to
correlate the measured burn times with particle sizes. In such correlations, longer burn
times are assigned to larger particles. Using lognormal functions rather than directly
measured particle size distribution enables one to focus the interpretations on the particle
sizes and, respectively, burn times that are most common in the present data sets. This
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minimizes the errors that can occur if unwarranted significance is given to the tails of the
measured particle size or burn time distributions. Such errors are expected, in particular, if
the shapes of the measured distributions of particle sizes and their burn times are not similar
to each other. For example, log-normal distributions shown in Figure 3.8 under-represent
super-fine particles, appearing in the measured histograms.

Figure 3.7 Size distributions of composite powder particles suspended in ethylene glycol
measured by low-angle laser light scattering.
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Figure 3.8 Size distributions composite powder particles fed by air to the laser beam and
fed by nitrogen to the flame. The powders were collected at the exit from the feeder and
examined using SEM.
However, as discussed later, the measured distributions of burn times are more
similar in shape to log-normal functions and do not show “tails” for shorter burn times, that
would be expected for such superfine particles. The most likely explanation for that is that
the emission from burning super-fine particles is weaker than the optical detection
threshold. This reasoning supports using the lognormal distribution fits rather than the
directly measured histograms in this work.
DSC and TG traces for composites prepared using different milling times are shown
in Figure 3.9. Traces are shifted vertically relative to one another for clarity. DSC traces
show multiple, relatively broad exothermic features. The onset of an exothermic reaction
occurs at a very low temperature, around 400 K; it is accompanied with a mass loss. The
mass loss of less than 1% could be primarily due to removal of adsorbed hexane from the
powder preparation. Exothermic events occurring just above 500 and under 700 K are
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common for all three samples. The amplitude of the first event diminishes while the second
one becomes stronger as milling time increases. A relatively sharp exothermic peak above
800 K (527°C) is only observed for the sample milled for 1 hr (bottom DSC curve). There
is a broad endothermic feature observed for all samples above ca. 900 K. It is accompanied
by a minor mass loss of about 0.33%, also for all samples. At higher temperatures, a broad
exotherm is observed for all materials around 1000 K. As seen in Figure 3.9, exothermic
features are overlapping with one another, making it difficult to separate them and identify
the appropriate baseline. Because of these difficulties, integrals of the measured DSC
signals are not reported.
One of the heated samples was quenched and examined by XRD. The results are
shown in Figure 3.10. Comparing the pattern in Figure 3.10 with that for as prepared
material (Figure 3.2) it is noted that all original peaks of Zr disappeared; instead, multiple
peaks are observed indicating formation of Zr2B and ZrO2. The latter phase is likely formed
when zirconium fully or partially reduces boron oxide. The starting boron is specified as
95% pure; thus the most conservative estimate suggests that up to 5% of its mass is boron
oxide or boric acid. This amount will clearly depend on the purity of boron used.
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Figure 3.9 DSC and TG traces for the prepared composite powders heated in argon at 5
K/min.

Figure 3.10 An XRD pattern for a composite material sample milled during 2 hours and
heated in DSC up to 1273 K.
3.6.2

Ignition of Composite Powders

A sequence of video frames illustrating an ignition event is shown in Figure 3.11. The
frames are cropped to focus on the igniting powder. Each image is labeled with the time
elapsed from the instant the filament heating started. Qualitatively, all ignition experiments
appeared similar to one another. The powder coating becomes luminous (see 122 ms frame
in Figure 3.11) well before the filament itself. Following the initial luminosity, bright,
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ignited powder particles are ejected from the wire and burn near its surface. Later on, as
shown in the 238 ms frame, the filament becomes luminous while the leftover of the initial
powder remaining on the filament surface continues to smolder.

Figure 3.11 Sequence of high-speed video frames illustrating ignition of a composite
material on an electrically heated filament. The heating rate is ca. 2000 K/s; material is
milled for 2 hours.
Ignition temperatures defined at the instant the powder coating became luminous
are plotted as a function of the heating rate for different materials in Figure 3.12. Note that
the measured ignition temperatures are for powders coated on the heated filament. Thus,
particle size distributions of the powders tested as well as the filament diameter affect the
heat balance and resulting ignition temperature. Despite these effects, the measurements
can be used to compare behaviors of different powders, especially for the powders with
relatively similar particle size distributions as in the present study. In addition to the three
composite powders prepared by milling for 1, 2, and 3 hours, experimental results for the
starting zirconium powder are also shown. For all materials, the ignition temperature
increases with the heating rate. However, the ignition temperatures are essentially the same
for all materials, including reference zirconium. This suggests that the zirconium oxidation
with surrounding air, and not any reaction between zirconium and boron, is the process
driving ignition for these powders heated in an oxidizing environment. Considering that
only part of zirconium is exposed to air in the composite powders, it can be concluded that
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oxidation of only a small fraction of zirconium is sufficiently exothermic to cause the
thermal runaway and ignition. The reactions detected in DSC (Figure 3.9) and likely
associated with the formation of zirconium boride phases might be assisting ignition; they
could become more significant if these composite powders are heated in an inert
environment.

Figure 3.12 Ignition temperatures as a function of heating rate for the powder samples
coated on an electrically heated filament.
3.6.3

Combustion of Composite Powders

Bulk Powder
Composite powders prepared using different milling times an.d a reference blend of
starting component powders were burned in air by laying a 45 × 5 mm elongated pile of
powder onto a flat ceramic block and initiating the powder by an electrically heated
tungsten filament. Roughly, half of the powder burned and another half remained on the
ceramic block following ignition. The optical emission from the burning powder was
monitored using a BLACK-Comet Stellarnet Spectrometer with a field of view covering
the entire burning sample. Spectra were taken every 50 ms; the integration time was 30 ms
for each spectrum. Examples of three of such subsequently recorded spectra are shown in
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Figure 3.13. A characteristic emission pattern of BO2 is clearly observed between ca. 450
and 650 nm. Additional peaks produced by common sodium and potassium contaminations
[277] are also clearly visible. An additional molecular emission peak has also been
observed but not positively identified in the range of 345–380 nm. It is speculated that this
peak could be produced by FeOH having several molecular emission bands in this range,
and which could be a product formed from iron contaminants introduced during milling.
Portions of the spectra including 700–755 and 790–845 nm ranges, which were free
of molecular or atomic emission signatures were selected for temperature measurements.
Assuming that the emitters behave as gray bodies, these portions of spectra were fitted
using Planck’s formula, treating the temperature as an adjustable parameter. Note that
overall signal intensity may not necessarily scale with temperature, and may be affected by
the number of particles burning during the specific acquisition time. For example, in
Figure 3.13, the spectrum acquired last (after a 150 ms delay) has a generally stronger
emission, but represents a lower temperature compared to the spectrum acquired after a
100 ms delay.
Average measured temperatures and their standard deviations, shown as error bars are
plotted in Figure 3.14. The reaction temperatures are comparatively high for the samples
prepared using 0.5 and 1-hr milling times. For these samples, the measured flame
temperatures are quite close to the previously calculated adiabatic flame temperatures
(Figure 3.1) for Z-Br composites.
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Figure 3.13 Characteristic optical emission spectra recorded for the composite powder
burning in air. The powder was prepared using 1-hr milling time. A wavelength range
used for Planck’s emission fitting is marked.
Source: [277, 278]

Figure 3.14 Average temperatures of combustion recovered from optical emission
spectra for bulk composite powders prepared using different milling times and burning in
air.
At longer milling times, reduced flame temperatures are observed. This suggests
that a more homogeneous mixing achieved in composites milled longer than 1 hr, implied
by results shown in Figure 3.5, is accompanied by some partial Zr-B reaction, which slows
down the burn rate of bulk powders, and thus leads to a reduced flame temperature. Most
directly, partially reacted boron and zirconium form a boride phase, which is harder to
ignite in air than individual elemental components of the composite. A delayed ignition
leads to slower flame propagation through the sample in contact with the heated tungsten
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filament. During the slower bulk reaction, the effect of heat losses increases, leading to a
reduced measured temperature. A partial reaction can also be inferred from the DSC
measurements shown in Figure 3.9, where the intensity of the first exothermic peak
diminishes for samples prepared with longer milling times.
Individual Particles
Durations of emission pulses produced by particles ignited after crossing a focused CO2
laser beam interpreted as burn times were measured. Using data recorded by the PMT
filtered at 700 nm, the pulse duration distributions for different composite powder samples
are shown in Figure 3.15. The average burn times are shown using a dashed vertical line
for each powder and labeled in the plots. All burn times are short. No clear difference
between the burn times for powders prepared using different milling times is visible. As
for particle size distributions, the present data were fit using lognormal functions, which
are also shown in Figure 3.15. Although these materials have very similar distributions of
the burn times, the emission brightness for the powder milled during 1 hour was greater
than those for powders milled during 2 and 3 hours. The average emission pulse amplitude
for the 1-hour sample was nearly 20% higher than those for the 2 and 3-hour milled
samples.
Durations of the emission pulses produced by different material particles burning
in the combustion products of an air-acetylene flame are shown in Figure 3.16. As for
results in Figure 3.15, emission recorded by the PMT filtered at 700 nm was used. In
addition to the three composite powders, experiments were performed with starting
zirconium; respective results are also shown in Figure 3.15. The burn times for all powders
are substantially longer than those observed in air by laser initiation (cf. Figure 3.15).
Zirconium particle burn times in the products of the air-acetylene flame are shorter than
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the burn times for all composites. For the powders milled for 1 and 2 hours, the burn time
distributions are similar to each other, although longer burning particles appear more
prominently for the sample milled for 2 hours. Substantially longer burn times are
measured for the sample milled for 3 hours.

Figure 3.15 Distributions of burn times measured for different composite powder
samples ignited in air by passing through a focused CO2 laser beam.
Correlations of the burn times with particle sizes for composite Zr∙2B powders are
shown in Figure 3.17 along with similar correlations for elemental zirconium and boron
powders. The data for Zr in Figure 3.17 come from the current measurements shown in
Figure 3.16, and from earlier work [274]; the data for boron are from earlier work [270].
For all materials, separate trends are shown for combustion in air and in the products of the
air-acetylene flame.
In air, all composite powders burn faster than similarly sized pure zirconium
particles and much faster than boron particles. The difference in the burn times between
different composite powders is relatively small. These differences can be attributed to
changes in the heterogeneous reaction kinetics for the powders with different distributions
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of boron inclusions and with somewhat different initial amounts of the partially reacted
boron and zirconium. The effect of particle size on burn time is somewhat stronger for the
particles milled for 1 hour; it becomes progressively weaker at longer milling times. Table
3.1 includes parameters for coefficients a and n in the approximate, power-law description
of the effect of particle size, d, on its burn time: t = a∙dn. For all composite powders burning
in air as well as for pure zirconium, the power n is close to 1, suggesting a kinetically
limited reaction. This kinetics most likely describes the rate of heterogeneous surface
oxidation of zirconium. For boron burning in air, the burn times are much longer. They are
described better by a power law with n ≈ 2. This implies a reaction controlled by the vaporphase diffusion. In other words, surface oxidation of boron is slow, so that volatile
suboxides, such as BO and BO2 evaporate and continue oxidizing in a stand-off vapor
phase flame. Presence of Zr in the composite powders accelerates the surface reaction rate,
which makes the vapor phase oxidation of boron suboxides less relevant as rate-controlling
processes.
For combustion in the products of an air-acetylene flame, the burn times of all
materials except for pure boron are longer than in air. For boron, the effect of environment
is more complex, suggesting a transition from a vapor phase diffusion controlled
combustion in air (n ≈ 2) to kinetics-controlled reaction in the products of a hydrocarbon
flame (n ≈ 1). For all composite powders, the burn times are longer than those of pure
zirconium. For powders milled during 1 and 2 hours, the burn times are quite close to those
of pure boron, while the powder milled for 3 hours burns longer. It is interesting that in this
environment, the exponent in the power law increases from 0.7 for the powder milled for
1 hour to 1.4 and 2.2 for powders milled for 2 and 3 hours, respectively. This may suggest
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that the effect of heterogeneous oxidation of Zr as a rate-limiting reaction diminishes in
this environment at longer milling times. The heterogeneous reactions of Zr with CO2 and
H2O as primary oxidizers slow down as zirconium is more and more actively reacting with
boron in the powders prepared with longer milling times. Thus, presence of Zr noticeably
accelerates combustion of only powders milled for 1 hour.

Figure 3.16 Distributions of burn times measured for different composite powder
samples ignited in the products of an air-acetylene flame. Burn times for the starting Zr
powder are also shown.
For each recorded emission pulse, the temperature as a function of time was
determined using the ratio of the emission signals filtered at 700 and 800 nm. To assign
one temperature to each particle, the temperatures measured for each pulse were averaged.
The value of this average taken during the time, while the emission intensity exceeded 50%
of the peak for each pulse was taken as one temperature value characterizing each burning
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particle. Statistical distributions of temperatures determined that way for particles burning
in air are shown in Figure 3.18. The average temperatures are marked by dashed vertical
lines and labeled. The temperature distributions are very close to one another for all
composite powders. The adiabatic flame temperature calculated using NASA CEA code
[257] shown in Figure 3.1 has a local maximum at 3233 K and can increase at the fuelrich conditions (considering both boron and zirconium as fuels and oxygen as oxidizer),
expected to exist near the surface of the particles burning in air. In the case of extremely
fuel-rich situation, when only B-Zr reaction occurs the predicted flame temperature reaches
4138 K (not shown in Figure 3.1). The measured temperatures vary in the same general
range as predicted by the code, suggesting that near-adiabatic conditions exist for burning
particles of all composite materials. This is different from the situation observed for
combustion of bulk powders (Figure 3.14), where oxygen transport to and heat losses from
the entire burning powder pile affect the measured temperature.
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Figure 3.17 Correlations between burn times and particle sizes for different composite
powders burning in different oxidizing environments. Burn times for elemental zirconium
and boron powders
Source: [270, 274]

Table 3.1 Power Law Description for Burn Time vs. Particle Size for Different Materials
in the Format t=a∙dn, where t is Burn Time in ms and d is Particle Diameter in µm

In that latter case, the differences between materials prepared with different milling
times and having somewhat different extent of the initial B-Zr reaction are more
significant. Such differences are thought to affect most noticeably ignition of the prepared
powders, especially in the extremely fuel-rich conditions existing for the burning powder
pile. For such conditions, the exothermic reaction between boron and zirconium is expected
to be critical in raising the material temperature early on; the rate of this early reaction will
be reduced for the powders milled longer than 1 hour, when some boride formation occurs
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during milling. Conversely, when the oxygen is readily available, as in experiments with
the heated filament involving a very thin powder layer in air (Figure 3.12), oxidation of
zirconium is more important for ignition. The temperature measurements for individual
particles shown in Figure 3.18 are governed by the reaction occurring after ignition, when
the particles reach their peak emission intensity. Thus, these particle flame temperatures
are generally higher than those measured for the bulk powders, for which flame
propagation across the pile and heat losses affect the thermal balance significantly.
Unfortunately, single particle combustion temperatures could not be measured for
the powders burning in the air-acetylene flame. The intensity of the emission pulses was
difficult to quantitatively separate from the background emission from the flame.

Figure 3.18 Statistical distributions of individual particle flame temperatures for
composite powder particles burning in air.
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3.7 Conclusions
Composite Zr-B powders with the composition of stoichiometric ZrB2 were prepared by
high energy milling in a shaker mill. The powder particles comprise a Zr matrix with
embedded inclusions of B. Boron inclusions are mostly smaller than 100 nm in size; the
size of these inclusions is unaffected by milling time varied in the range of 1–3 hours. The
homogeneity of mixing between boron and zirconium was assessed by the average
distances from zirconium matrix to boron inclusions obtained from processing images of
cross-sectioned composite particles. This uniformity of boron distribution improves when
the milling time increases from 1 to 2 hours; it is not affected by longer milling times.
Results suggest that boron and zirconium start reacting during milling; the extent of this
reaction becomes appreciable when the milling time reaches 2 hours. Ignition of the
prepared powders in air occurs at the same temperatures as for pure zirconium. Thus, in
presence of oxygen zirconium oxidation is the rate-controlling reaction, which affects
ignition of these composite materials. However, in fuel-rich conditions, ignition of the
prepared powders must be affected by the reaction between B and Zr. This reaction occurs
less readily for powders milled for 2 hours or longer, where the components have partially
reacted during milling. The inhibited boron-zirconium reaction is suggested to cause a
slower flame propagation and respectively lower observed flame temperatures for bulk
powders prepared with milling times longer than 1 hour.
In air, particles of the prepared composite powders burn faster than either pure
boron or zirconium. It is suggested that heterogeneous oxidation of zirconium is the ratelimiting combustion process for all materials. Flame temperatures for individual composite
particles burning in air are reasonably close to those predicted by the adiabatic flame
temperature calculations at stoichiometric and fuel-rich conditions.
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In combustion products of an air-acetylene flame, the burn rates of the prepared
composites are lower than that of zirconium and are comparable to that of boron. It is
suggested that the effect of preferred zirconium oxidation on burn rates of these materials
in CO2/H2O oxidizers diminished compared to that in air. Powders prepared by 1-hour
milling burn faster than powders prepared using longer milling times, most likely because
of the absence of partially reacted zirconium boride phases formed during milling.
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CHAPTER 4
STABILITY AND IGNITION OF A SILOXANE-COATED
MAGNESIUM POWDER

4.1 Introduction
Magnesium powder is a common component of reactive and energetic materials used in
pyrotechnics [279-282] and propellants [283, 284]. One advantage of magnesium is that it
is readily ignited, and thus can serve to initiate the reaction of various energetic
formulations. It generates a bright optical emission [285-289] and typically reacts in the
vapor phase forming condensed MgO smoke as the main combustion product [61, 290293]. The ease of ignition for magnesium is associated with the penetrable nature of the
surface MgO film covering the metal [294]. The oxide film naturally grown on the metal
is porous [295] and readily enables mass transport of evaporated Mg outside as well as
oxygen to the metal surface [296]. Unfortunately, the same readily penetrable MgO film
results in the poor stability of magnesium powders. They age rapidly in oxidizing
environments [297-299], which causes difficulties associated with their long-term storage
and handling. However, these issues can be mitigated through the modification of the
surface with protective barrier coatings.
The surface modifying agents for these materials must also take into account the
intended qualities of the magnesium powders. Ideally, coating materials would serve as
protective layers at low temperatures, typically associated with storage, while not
diminishing their ability to ignite upon heating. Additionally, given the reactive nature of
magnesium, the modification process itself must not facilitate its premature ignition.
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Finally, it is desirable to limit aggregation of particles while still preparing uniform
coatings.
Over the last decade, siloxanes have found increased use as surface modifying
agents, given their exceptional thermal stabilities, large temperature service range, and
non-toxicity [300, 301]. Additionally, siloxanes have been shown to be a universal modifier
of inorganic surfaces because the siloxane bond is reactive towards acids and bas-es, and
inorganic interfaces have acid-base properties. More recently, poly(hydridomethylsiloxane)s have also been shown to bond to a wide range of inorganic surfaces at mild
temperatures through reaction with the hydridosilane (Si H) bond [302].
Despite their known versatility, to our knowledge, the use of siloxanes as coating
materials for magnesium has hitherto been unexplored. This work describes preliminary
results on the reactions of cyclic hydridomethylsiloxanes with magnesium powder surfaces
to produce protective coatings. Particularly, a vapor-solid phase reaction is explored, which
requires no solvents, minimal materials, and can be safely performed without the danger
of premature ignition. The stability and ignition properties of siloxane-coated magnesium
powders are also further investigated.
Table 4.1 Reaction Conditions and Yields of Siloxane-Modified Magnesium Powders
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4.2 Materials and Methods
4.2.1

Materials

A spherical magnesium powder with nominal particle sizes ranging from 1 to 11 μm, 99.8%
pure by Hart Metals was used. 1,3,5,7-Tetramethylcyclotetrasiloxane (D4H) was purchased
from Gelest, Inc. (Morrisville, PA) and used as received.
4.2.2

Characterization

Powder surface morphology was characterized using a JEOL JSM 7900F field emission
scanning electron microscope (SEM). Images were taken with back-scattered electrons to
see possible phase contrast between coated and uncoated magnesium surface. Energydispersive spectroscopy was used to examine the coating composition and morphology.
Fourier transform infrared spectroscopy (FTIR) of the modified powders was performed
using a Shi-madzu IRTracer-100 with a QATR single reflection attachment.
4.2.3

Surface Modification of Mg Powders

A typical procedure for the modification of magnesium powders is as follows. In a 100 mL
Kimax bottle with high temperature stable caps rated to 180 °C, 5.0 g magnesium powder
is placed along with a 2 mL HPLC vial containing 1.5 g (6.24 mmol) of tetramethylcyclotetrasiloxane (D4H). Note that the siloxane and magnesium powder do not come into direct
contact with one another. The contents of the vessel are sealed under nitrogen gas and
placed in an oven at 100 or 150 °C for 72 hours. Following this, the vessel is removed from
the oven and allowed to cool to room temperature. The HPLC vial is removed and the
vessel is placed under vacuum for 24 hours to remove any excess and unreacted siloxanes.
The modified magnesium powder is then stored in a 20 mL scintillation vial under nitrogen
prior to characterization to prevent any unwanted oxidation. This procedure has also been
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scaled up to 15 g of magnesium and a proportional amount of siloxane using a 500 mL
reaction vessel.
4.2.4

Stability Tests

Stability of the prepared coated powders was assessed using their low-temperature
oxidation at a constant temperature. The experiments employed TAM III analyzer by TA
Instruments equipped with a perfusion ampoule. Both as received and coated Mg powders
were heat-ed to 60 °C and exposed to a relative humidity of 80 %. These conditions were
held in excess of 24 hours. An empty crucible in which only surface adsorption on the
crucible surface occurred was used as baseline sample.
4.2.5

Ignition Tests

Prepared materials as well as the starting magnesium powder were ignited using an
experimental setup involving an electrically heated filament. This setup was extensively
discussed in earlier studies, e. g., [152, 160]. Briefly, a thin layer of powder is deposited
on surface of a 0.5-mm diameter nickel-chromium wire. To deposit powder, it was mixed
with hexane; a thin layer of a slurry was paint-ed on top of the wire and allowed to dry
before the experiment. Only a small fraction of the wire length is coated with the powder.
The wire was heated at a rate of approximately 8000 K/s using two 12-V (Kinetik HC600Blue) batteries connected in series. The wire temperature was monitored using a high-speed
infrared pyrometer with germanium switchable gain detector (Thorlabs PDA30B2)
focused on an un-coated part of the wire surface. Simultaneously, a Redlake MotionPro
500 high-speed camera was focused on the coating. The ignition instant was identified
when the coating became incandescent. The wire temperature at that instant is treated as
the powder ignition temperature.
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4.3 Results and Discussion
4.3.1

Preparation of Siloxane-Modified Magnesium Powders

Several different batches were made in order to determine the feasibility and
reproducibility of this reaction. Conditions for each sample trial are given in Table 4.1.
The reaction conditions attempted were based off previous reports [301] using liquid
siloxane polymers and smooth inorganic oxide surfaces, and no significant effort was made
in optimizing the conditions for magnesium powders. However, some small variations in
conditions were made, which seemingly impact the resulting properties, suggesting that
further optimization could provide additional improvement of the desired results. All
reactions were performed at 150 °C for 72 hours, with the exception of Sample 7, which
was heated to 100 °C.
The selection of tetramethylcyclotetrasiloxane (D4H) as a modifying agent was
made for numerous reasons. The chemical structure is given in Figure 4.1, for reference.
As a small molecule, it can easily be vaporized to perform reactions at the siloxane vapormagnesium solid interface. This has the advantage of requiring no additional solvents,
while also utilizing a minimal amount of reactant material. D4H also has a boiling point of
134 °C, which allows it to have significant vapor pressures well below the ignition point
of magnesium. Finally, D4H contains reaction hydrido-silane (Si H) functional groups,
which have been shown to react with a number of inorganic surfaces and do not produce
any corrosive byproduct [302, 303].
Samples 1–5 were all prepared in similar small batches utilizing approximately 5 g
of magnesium powder and 1.50 g of tetramethylcyclotetrasiloxane (D4H). With the
exception of samples 5 and 6, the mass of the resulting modified powder increased,
indicating a coating of the sample. A rough estimate of the percentage of D4H reacted with
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each sample suggests that the amount of D4H used in these reactions is an excess quantity,
although some material could have been lost from the vessel during transferring and sample
isolation. These material losses explain the reduced mass of coated samples 5 and 6.
Samples 6 and 7 were prepared at a greater scale using approximately 15 g of magnesium
powder with a proportional amount of siloxane to provide an indication on the scalability
of this process. Unfortunately, larger scale batches were not synthesized in a proportional
vessel due to the availability of glassware. This likely has an effect on the resulting
materials, which is discussed below.

Figure 4.1 Chemical structure of 1,3,5,7-tetrameth-ylcyclotetrasiloxane (D4H).

Figure 4.2 ATR-FTIR spectrum of tetramethylcyclotetrasiloxane (D4H)-modified
magnesium powder.
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4.3.2

Surface Properties and Morphologies of Coated Powders

Surfaces of the siloxane-modified magnesium were initially examined using FTIR of the
powders using a single-reflectance ATR attachment. Figure 4.2 shows a representative
spectrum taken from Sample 6. No noticeable differences could be observed between the
spectra of the different samples to distinguish the reaction parameters, and only the peaks
relating to the siloxane coating could be observed: 2162 cm 1 (Si H), 1259 cm 1 (Si CH3),
and 1033 cm 1 (Si O Si). Additional peaks at 2966 cm 1, 833 cm 1, and 756 cm 1 are related
to various C H vibrational modes associated with the methyl groups on D4H. A small
shoulder appears at 921 cm 1 and may correspond to Si O Mg bonding, but this peak could
not be fully resolved and is therefore difficult to define with certainty.
SEM images of the coated powders are shown in Figure 4.3. Figure 4.3a-b show
images from the first attempted batch, Sample 1. Qualitatively, it was found to be the most
agglomerated of the imaged samples, forming aggregates of approximately 50 μm in
diameter. Within the aggregates, interparticle necking of the polymeric coating is clearly
distinguishable. Similar results were found in Samples 2–5 (not shown). However, upon
increasing the batch size a decrease in agglomeration could be observed, as seen in Sample
6 (Figure 4.3c,d). This decrease in agglomeration is attributed to the lower vapor pressure
under which the reaction was performed due to the increase in the reaction vessel size rather
than the upscaling of the materials. While not further investigated, it is suggested that this
decrease in vapor pressure slows down the reaction kinetics, more readily allowing for
uniform coatings without agglomeration or necking. This decrease in agglomeration is also
observed in Sample 7, which was under the same conditions as Sample 6, but at a 100 °C.
For the most part, no observable differences could be found between Samples 6 and 7,

103

although Sample 7 did appear to have some necking. Based on these results, it was
determined that the conditions found in Sample 6 provided the best results for further study.
In order to roughly evaluate the thickness of the resulting coating, energy-dispersive x-ray
spectroscopy (EDX) mapping was performed on Sample 6. From Figure 4.4, a silicon-rich
region can be clearly seen at the interface of the magnesium powder. This region also
contains a significant amount of oxygen, which is unsurprising due to the structure of
siloxanes. The carbon seen in Figure 4.4 arises from the carbon tape mounting. A siloxane
coating thickness of approximately 400 nm can be inferred from the maps shown. This
thickness is much larger than expected for a monolayer coating and indicates that the
coating is several monomers thick. D4H does not react with itself upon heating, but Si H
bonds are known to react with magnesium, [304] similarly to Grignard reagent
preparations. It is suggested that the magnesium substrate is catalyzing a cross coupling
reaction between molecules of D4H, thereby creating coatings of these thicknesses.
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Figure 4.3 Backscattered electron scanning electron microscopy (SEM) images of a,b)
Sample 1; c,d) Sample 6; and e,f) Sample 7.
Wire Ignition Testing. Results of wire ignition experiments are shown in Figure
4.5 and Figure 4.6. Figure 4.5 shows images of wires containing unmodified and siloxanemodified magnesium powders. A sequence of images is shown for each material. The first
image shows the first frame when the emission from the powder became brighter than that
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of the heated wire. These frames are labeled with Tig. Frames following 2, 5, and 10 ms
after ignition are also shown and are labeled respectively. A continuing increase in
brightness is observed with time for all materials. This increase appears to occur faster
during the first 2 ms for both coated powders. At longer times, the flame formed around
sample 6 appears to be greater than for other materials; however, this difference could be
superficial and caused by a slightly greater coating thickness used in that particular
experiment. In summary, the differences in ignition behavior between coated and uncoated
samples are minor. If anything, the coating appears to accelerate rather than decelerate
ignition of Mg upon heating.
Figure 4.6 shows ignition temperatures for unmodified magnesium and the
modified magnesium powders. Overall, the average ignition temperatures for the siloxanecoated powders decreased by 25–50 °C. However, the standard deviations of these
measurements significantly overlap those of the unmodified powders, indicating that the
impact of the siloxane coating on the ignition temperature is rather minor. Most
importantly, the protective coating does not increase the ignition temperature of
magnesium.

106

Figure 4.4 Energy-dispersive x-ray spectoscopy (EDX) elemental mapping of
magnesium (Mg), carbon (C), silicon (Si) and oxygen (O) of siloxane-coated magnesium
powder, sample 6.
4.3.3

Stability Testing

In order to determine the stability of the siloxane-modified magnesium coatings, microcalorimetry experiments were performed using a TAM III at 60 °C with a relative humidity
of 80 % for 24 hours. The results of these experiments are shown in Figure 4.7. For uncoated magnesium a small initial peak believed to be associated with water adsorption to
particle and crucible surfaces is overlapped by a larger broad peak lasting in excess of ten
hours from hydration. After twelve hours the sample stabilizes to a lower rate of reaction.
Based on the integrated heat released after 24 hours, it is estimated that 1.18 % of the
magnesium powder has reacted to form Mg (OH)2. On the other hand, the samples with
siloxane coatings did not show this trend, and appear to only adsorb water during a transient
stage (when moisture is introduced or removed from the system). Steady state hydroxide
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production is undetectable. This resilience in the presence of water is likely owed to the
hydrophobic nature of the coating. Note that traces for two coated samples are shown,
which effectively overlap with each other.
Crystal phases in the both uncoated and siloxane coated Mg powders after their
exposure to water in TAM III experiment were examined via x-ray diffraction (XRD)
operated at 45 kV and 40 mA using unfiltered Cu K Cu Kα radiation (λ=1.5438 Å). Results
shown in Figure 4.8 suggest Mg(OH)2 as the primary reaction product on the order of 2%
for uncoated magnesium. A noticeably smaller amount of hydroxide was observed in
Figure 4.6, which may simply originate from the uncoated precursor.
4.4 Conclusions
Siloxane-coated magnesium powders demonstrate improved long-term stability, showing
little oxidation at elevated temperature and in the presence of high humidity. Furthermore,
modification of the powders does not negatively impact their ignition. Instead, a small
decrease in the ignition temperature is noted. The ignited powder develop flame as fast as
or faster than uncoated magnesium. Furthermore, the modification of the magnesium
requires little material, no solvents, no corrosive byproducts, and easily produces
conformal coatings on the powders.
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Figure 4.5 Coated samples 6, 7, and uncoated magnesium igniting on a heated nickelchromium filament

Figure 4.6 Ignition temperatures of unmodified magnesium powder and siloxane-coated
magnesium powders.
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Figure 4.7 Experimental heat flow for unmodified and siloxane-coat-ed Mg powders
measured using TAM III.

Figure 4.8 XRD scans of TAM III products for both uncoated Mg and coated sample 6
recovered after TAM III experiments. Both samples were kept at 60 °C under 80 %
relative humidity during 48 hours.
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CHAPTER 5
HIGHLY REACTIVE SPHEROIDAL MILLED ALUMINUM

5.1 Introduction
Aluminum powder is a common component of various energetic compositions, including
solid propellants [52, 305-308] , explosives [309-311] , and pyrotechnics [312-314]
because of its high volumetric and gravimetric energy density. In many cases, however,
the low burn rate of aluminum particles leads to incomplete energy release [315]. One
approach aimed at increased burn rates is to decrease the size of aluminum particles,
leading to signiﬁcant interest in aluminum nanopowders for advanced energetics [244, 316319]. Such nanopowders contain a reduced amount of active aluminum because a
signiﬁcant fraction of the particle volume is occupied by the surface oxide shell [244, 317,
318, 320]. Nanopowders also age rapidly and are diﬃcult to handle [320-324] . They tend
to agglomerate[325-327] and mix poorly with other components of energetic
formulations[319, 328, 329].
Production of consolidated items along with recent advances in additive
manufacturing [330] emphasize the need for powders with improved ﬂowability, in
particular. This requirement limits the usable particle size range, as ﬁner powders have
generally poor ﬂowability [331]. Mechanical milling has been used previously to prepare
a variety of metal-based composite materials for use in energetic applications[332-335].
Although the resulting particles are generally equiaxed, they are not spherical and less
ﬂowable than spherical particles of comparable size prepared, e.g., by spray atomization
[336]. For ductile aluminum, particles can be readily ﬂattened into plate-like ﬂakes by
milling; this has been used to increase the aluminum reactivity [337], but it may negatively
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aﬀect the ﬂowability. In related recent work, the mechanical milling method was expanded
to use combinations of liquid immiscible process control agents (PCA). This results in the
formation of emulsions during the milling process. If the liquid volume ratios are such that
the liquid attracting the solids more forms droplets within the continuous phase formed by
the second immiscible liquid, then the resulting particles accumulate inside droplets and
yield particles that retain the droplet geometry [338, 339]. Such roughly spherical particles
have been prepared in sizes from several to hundreds of micrometers. They consist of
packed, ﬁner primary particles of diﬀerent shapes and show a degree of porosity. Thus,
they combine the attractive handling and processing properties of micrometer sized spheres
with the larger speciﬁc surface area and therefore enhanced reactivity of nanopowders.
However, formation of ﬂakes occurring during milling of aluminum may present a
substantial challenge for packing them into spherical shapes.
The present work explores the feasibility of preparation of micronsized spheroidal
aluminum powders comprising pure aluminum particles by mechanical milling regular
aluminum powder in immiscible PCAs. Such spheroidal milled aluminum powders are
expected to have improved reactivity and ﬂowability.
5.2 Experimental
5.2.1

Material Preparation

The starting material was -325 mesh, 99.9% pure aluminum powder by Atlantic Equipment
Engineers. It was processed using a Retsch PM400-MA planetary mill operated at 350
RPM employing custom-built 175-mL hardened steel vials (64 mm diameter, 55 mm
height) with 9.525 mm (3/8 ”) diameter hardened steel balls. Each vial contained 25 g of
powder. The ball-to-powder mass ratio was 3. All charges were loaded in an argon-ﬁlled
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glovebox. Following earlier work[338, 339], the immiscible ﬂuids, acetonitrile and hexane
(both Alfa Aesar, 99.5 %) served as a PCA during milling. The volumes of aluminum
powder and acetonitrile were equal to each other, 9.3 mL each. Hexane was added at three
times the volume of acetonitrile, 27.8 mL, to form the continuous phase of the emulsion
produced during milling. Altogether, the charge included 20 vol-% Al, 20 vol-%
acetonitrile, and 60 vol-% of hexane. Milling times were 30, 60, 75, and 120 min. A
reference sample was milled for 120 min using only 10 ml acetonitrile as the PCA to
produce Al with the surface functionalized by milling it in acetonitrile, but not forming
spherical particles.
5.2.2

Particle sizes and structures

Particle surface morphologies, as well as their internal structures were examined using a
JEOL JSM-7900F scanning electron microscope (SEM). Particles were embedded in
epoxy, cross-sectioned, and carbon coated. Particle sizes were determined by image
analysis using Fiji software [275]. For each sample, the particle size distribution used more
than 1000 particles. Particle sizes were also analyzed by laser light scattering using a
Malvern Panalytical Mastersizer 3000 with a hydro MV sampling unit. Dry powder
particles were poured directly into the unit loaded with ethylene glycol, serving to suspend
the powder. The measurements were performed with a stirrer speed of 200 rpm and without
sonication to provide modest agitation to maintain particle entrainment but minimize
breakup of the clusters.
The spheroidal milled aluminum particles were characterized by powder x-ray
diﬀraction (XRD) using a PANalytical Empyrean x-ray diﬀractometer operated at 45 kV
and 40 mA with unﬁltered Cu K 𝛼 radiation ( 𝜆 = 1.5438 Å). Crystallite sizes and lattice
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strain were determined by Williamson-Hall analysis[340]. The coarse, -325 mesh starting
Al powder was strain-relieved by annealing under vacuum at 350°C for 12 h.
Speciﬁc surface area and pore volume for the prepared powders were determined
by nitrogen gas sorption analysis at 77 K using a Quantachrome Autosorb iQ-MP,
Automated Gas Sorption Analyzer. Prior to analysis, samples were degassed near 1 torr at
300°C for 6 hours. Adsorption-desorption isotherms were recorded using 52 points for
adsorption and 16 points for desorption. Following recommendations[341, 342], surface
area and pore volume were determined using quenched solid density functional theory
(QSDFT) [343]. Of the available QSDFT kernels, the measurements best ﬁt the adsorption
model of a carbonaceous material with a combination of cylindrical and spherical pores.
5.2.3

Thermal analysis and calorimetry

Oxidation of the prepared powders was characterized by Thermo-Gravimetric analysis
(TG) using a TA Q5000-IR by TA Instruments. Samples of about 5.5 mg each were heated
to 1100°C in an argon/oxygen gas mixture. Both oxygen and argon were ﬂown at 20
mL/min each. The heating rate was varied from 2 to 20 K/min.
Aging of aluminum powders was characterized for one of the prepared spheroidal
aluminum, for a sample milled in acetonitrile only, and for the starting aluminum powder.
The 120-mg samples were placed into a perfusion ampoule in a microcalorimeter installed
in a TAM III by TA Instruments. The samples were initially equilibrated in dry air at 60°C
for 60 min, and then exposed to 80 % relative humidity for several days.
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Figure 5.1 A sequence of high-speed video frames showing ignition of spheroidal milled
aluminum coated ono a Kanthal® wire. Ignition is registered here at 187 ms. This sample
was prepared by milling the starting powder in a blend of hexane and acetonitrile for 75
minutes.
5.2.4

Ignition experiments

Powders coated on an electrically heated ﬁlament were ignited, while the ﬁlament
temperature was being monitored [344, 345]. Due to the approximately spherical shape,
and resulting higher ﬂowability the spheroidal powders prepared here did not adhere well
to cylindrical Ni-Cr ﬁlaments used previously. Therefore, a ﬂat Kanthal ribbon (TEMCo
Industrial, 0.8 × 0.1 mm) was used instead. The ribbon was heated using a 12 V solid cell
battery. Because of the ribbon shape, its temperature could not be reliably monitored
optically with the pyrometer focused on its narrow side cross-section. Pyrometer also could
not be placed above or below the ﬁlament because of the potential damage due to the
generated smoke and fragments formed when the powder ignited. Instead, a reproducible
heating protocol was established in preliminary experiments without powder, so that no
smoke was produced. In these preliminary experiments, the ribbon temperature was
monitored using a custom infrared pyrometer placed above it. The pyrometer was based on
a PDA30B2 Thorlabs Germanium switchable gain detector calibrated using an Omega BB4A black body source. Kanthal® was treated as a gray body with an emissivity of 0.7 based
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on the product data sheet. The ribbon was heated up to about 1650 K at a rate of 3420 ± 80
K/s before it broke as a result of melting. The reproducibility of the time-dependent
temperature reading was within ± 53 K. The obtained average time-dependent temperatures
were used to evaluate the ribbon’s temperature in subsequent experiments with powders,
in which the instant of the powder ignition was determined from the recorded high-speed
video. The videos were obtained using a Photron FASTCAM Nova S6 high speed camera
operated at 6000 frames per second. A series of highspeed images illustrating the ignition
for a prepared powder is shown in Figure 5.1. The time of ignition was identiﬁed as the
frame where the brightness of the powder exceeded the brightness of the heated ribbon.
The ribbon temperature corresponding to the time elapsed since the current was turned on
was considered the ignition temperature.

Figure 5.2 SEM images of spheroidal milled aluminum prepared with acetonitrile and
hexane as PCA. Milling times are indicated. The scale bar is the same for all the images
shown.
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Figure 5.3 Cross-sections of spheroidal milled aluminum prepared with acetonitrile and
hexane as PCA. Milling times are indicated.

Figure 5.4 Particle size distributions determined by low-angle laser light scattering and
image analysis.

Figure 5.5 Changes in apparent crystallite size and lattice strain with milling time in
spheroidal milled aluminum.
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5.3 Results and Discussion
5.3.1

Particle morphology, size and structure

After milling with hexane and acetonitrile as PCA, the samples did not cake and exhibited
high ﬂowability making it easy to remove them from the vials. Particles with close to
spherical shape were clearly observed in the liquid in samples placed under an optical
microscope. As the liquid evaporated, some spheroidal particles were observed to break
up, with the eﬀect being most pronounced for materials prepared using shorter milling
times. Characteristic SEM images of prepared spheroidal particles are shown in Figure
5.2. The material milled for 30 min consists of weakly agglomerated, large aluminum
ﬂakes, which likely represent fragments of particles broken up during drying. Relatively
large spheroidal particles are observed for the powder milled for 60 min. Packed aluminum
ﬂakes are clearly observed at the surfaces of these particles. After 120 min of milling, the
particle size is reduced substantially. However, spherical or spheroidal particle shapes
remain.
Cross-sections in Figure 5.3 further conﬁrm that the particles are composed of
aluminum ﬂakes with various sizes. Some unattached ﬂakes are visible as well, becoming
less prevalent as milling time increases. Diﬀerent magniﬁcations are selected for diﬀerent
images to clarify the internal structures of the cross-sectioned particles. In the material
recovered after 30 min of milling, the agglomerates are very loose and the spheroidal
particles are not fully formed. After 60 and 75 min of milling ﬂakes appear in a concentric
pattern, aligned with the surface of the particles. This suggests some consolidation of the
particles by rolling. The preferred orientation is less noticeable for the smaller particles
recovered after 90 and 120 min of milling.
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Particle size distributions determined by both SEM image analysis and low-angle
laser light scattering are shown in Figure 5.4. As a general trend, the particle sizes decrease
at longer milling times. For the milling times of 60 and 75 min, the sizes implied by image
analysis are noticeably greater than those from the laser scattering measurements. It
suggests that the larger particles obtained at shorter milling times and observed by SEM
are breaking up while being agitated in a suspension used for the particle size
measurements by laser light scattering. However, there is eﬀectively no diﬀerence between
the SEM and laser light scattering measurements for the particles milled for 120 min. Thus,
such ﬁner spheroidal milled aluminum particles obtained at a longer milling time are
mechanically stronger.
The pattern assigned to the aluminum face-centered cubic ( fcc ) structure was the
only one clearly observed in XRD. The observed fcc Al peaks broadened at longer milling
times. The apparent crystallite sizes and lattice strains determined using Williamson-Hall
analysis [39] are shown in Figure 5.5. The crystallite size decreases approximately from 1
μm down to 200 nm while the milling time increases to 120 min. Conversely, the lattice
strain increases at longer milling times. No other crystalline phases were detected by XRD
in the prepared particles at any milling time.
Example nitrogen adsorption-desorption curves of the spheroidal powder milled for
120 minutes and of reference -325 mesh Al are shown in Figure 5.6. The general shape of
the isotherms matches that of a nonporous, or macroporous, material showing reversible
adsorption, and identiﬁed as Type II in Ref. [342]. In addition, a small hysteresis is
observed above a relative pressure of 0.5. This pattern, observed for all powders prepared
here, matches materials described as non-rigid or macroporous aggregates of plate-like
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particles, categorized as type H3 in Refs. [341, 342]. This morphology is consistent with
the particle cross sections shown in Figure 5.3.
Speciﬁc surface area, pore volume, and pore half-width recovered from processing
the nitrogen adsorption isotherms are shown for samples milled from 60 to 120 min in
Figure 5.7. Both, speciﬁc surface area and pore volume exhibit a maximum after 75 min
of milling. The pore half width increases slightly with the milling time and then decreases,
varying around 1 nm.

Figure 5.6 Nitrogen adsorption-desorption isotherm of spheroidal aluminum milled for
120 min and for the starting material, -325 mesh Al.

Figure 5.7 Surface area and pore volume for spheroidal aluminum prepared at different
milling times measured using nitrogen adsorption.
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Figure 5.8 TG traces for the prepared spheroidal particles (solid lines) and for reference
aluminum powders (dashed lines).
Source: Micron-sized Al [346] and nano-aluminum [347]

Figure 5.9 Ignition temperature vs milling time of spheroidal milled aluminum.
To interpret these observations, note that reﬁning the starting aluminum powder
into thin ﬂakes is expected to lead to an increased surface area. Formation of the spheroidal
shape generates a porous structure, with growing pore volume. Conversely, packing the
generated particles at extended milling times should reduce their pore volume and surface
area. The peak observed around 75-min milling may thus suggest that in early stages of
milling, the particle reﬁnement and initial formation of ﬁlled emulsion droplets are
dominant processes. At longer milling times the formed particles become increasingly
consolidated. Because the size of spheroidal particles decreases with the milling time, the
surface area and accessible pore volume can increase again as the milling continues, despite
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the reduction in the pore half width, as noted by an increase in the surface area and pore
volume at 120 min vs. 90 min.
5.3.2

Thermal analysis and ignition

TG traces in argon-50 % oxygen atmosphere for the prepared spheroidal milled aluminum
(solid lines) and for several reference aluminum powders (dashed lines) heated at 5 K/min
are shown in Figure 5.8. The measurements for micron-sized powders are from Ref. [346]
, and for the nano-aluminum from Ref. [347]. An additional dashed line shows aluminum
milled only in acetonitrile for 120 min. All aluminum powders show a qualitatively similar
sequence of oxidation steps at nearly the same temperatures, corresponding to the oxidation
mechanism discussed in Refs. [348, 349]. The main diﬀerence between the powders is in
the extent of mass gain observed for diﬀerent oxidation steps. The strongest lowtemperature mass gain associated with a polymorphic phase change from amorphous to 𝛾alumina occurs for the nano- aluminum powder with a nominal particle size of 40 nm.
However, the mass gain for that powder at higher temperatures is limited, possibly due to
the larger amount of initial oxide present, and therefore reduced amount of active
aluminum. For regular aluminum powders with nominal particle sizes of 3-4.5 and 10-14
μm, the mass gains decrease with increasing particle size, as expected. For all powders
milled in this work in presence of acetonitrile, including the spheroidal powders, the lowtemperature mass gain is signiﬁcantly greater than for micron-sized aluminum powders,
approaching that observed for 40-nm aluminum. At higher temperatures, the mass gain
observed for the powders milled in presence of acetonitrile increases above that observed
for both nano-and micron-sized aluminum powders.
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Among spheroidal powders prepared at diﬀerent milling times, the mass gain is
greater for powders milled longer, which show smaller particle size (cf. Figure 5.4),
although not necessarily greater speciﬁc surface area (cf. Figure 5.7). Interestingly, the
powder milled in acetonitrile only for 120 min, the trace overlaps with those for the
spheroidal aluminum milled for 60 and 75 min. The mass gains observed at diﬀerent
temperatures for aluminum milled only in acetonitrile closely match those observed for the
spheroidal particles milled for 75 min.
Ignition temperatures of the spheroidal milled aluminum are shown in Figure 5.9.
Error bars show the uncertainty estimated from the calibration experiments, and resolution
and repeatability of the actual ignition experiments, with i indicating the individual error
sources. The ignition temperature decreases with increasing milling time, despite the
observation that the material milled for 75 min exhibits greatest speciﬁc surface area.
Regular aluminum powders with similar particle sizes could not be ignited in this
experiment. Thus, although a direct comparison is not possible, it is clear that the
conventional aluminum powder is less reactive than the prepared spheroidal milled
powders.

Figure 5.10 Apparent activation energy for oxidation of spheroidal aluminum milled for
120 min.
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Figure 5.11 Arrhenius plot of TG measurements interpolated to speciﬁc degrees of
oxidation, and of the ignition temperature shown in Figure 5.10 for the spheroidal
aluminum milled for 120 min.

Figure 5.12 Heat ﬂow and integrated heat ﬂow generated by aging the spheroidal
aluminum milled for 120 min at 60°C in air with 80 % relative humidity. Reference data
are shown for starting Al powder and for Al milled in acetonitrile.
5.3.3

Kinetic Analysis

For spheroidal aluminum milled for 120 min, TG measurements at heating rates of 2, 5,
10, and 20 K/min were processed using an isoconversional method[350]. The result,
apparent activation energies corresponding to speciﬁc degrees of oxidation, is shown in
Figure 5.10. The initial stages of oxidation, below 5 % of mass gain and corresponding to
temperatures below about 520°C in Figure 5.8 are characterized by a relatively low
apparent activation energy starting below 160 and increasing to 180 kJ/mol. At about 5 %
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mass increase, the activation energy jumps to near 210-220 kJ/mol. This roughly
corresponds to the steeper part of the ﬁrst stepwise mass increase in Figure 5.8. The
increase in the apparent activation energy continues to near 250 kJ/mol at the end of the
ﬁrst oxidation step. The behavior before the interval of nearly no mass change (600 – 700°C
in Figure 5.8) is consistent with previously reported activation energies for early oxidation
stages of aluminum[348] . The second main mass gain above 25 % (750°C in Figure 5.8)
is characterized by an apparent activation energy near 300 kJ/mol. This is also consistent
with previous reports for the second major oxidation step[346]. These comparisons suggest
that the Al surface produced by milling in acetonitrile and/or hexane was not signiﬁcantly
changed to aﬀect the nature of the oxidation process, and that the diﬀerences in mass
change observed in Figure 5.8 derive from the increased speciﬁc surface area of the
spheroidal milled aluminum alone.
In order to relate the thermogravimetry to the ignition measurements shown in
Figure 5.9, the oxidation measurements at diﬀerent heating rates are shown in Arrhenius
coordinates in Figure 5.11. Assuming that the reaction mechanism does not change with
heating rate, points corresponding to a given mass gain at diﬀerent heating rates fall on
straight lines that can be extrapolated to the heating rates used in the heated ﬁlament
ignition experiment. Data shown in Figure 5.10 suggest, therefore, that at the point of
ignition the spheroidal milled aluminum may have increased their mass by about 5-10 %,
corresponding to the ﬁrst oxidation step observed in Figure 5.8. This step, as noted above,
is associated with the formation of 𝛾-alumina. Without making assumptions about the
speciﬁc geometry of the spheroidal particles, this mass change can be normalized by initial
surface area, giving a range of 1.8-3.7 mg/m2. Assuming an amorphous alumina density of

125

3.05 g/mL [349] and uniform oxidation over the entire internal surface, this corresponds to
an increase of the oxide layer thickness by 0.6-1.2 nm. This estimate is likely too low, as
the degree of oxidation is expected to decrease radially from the surface to the center of
the porous particles. In other words, it is expected that a thicker oxide layer grows in the
external shell of the igniting particles, whereas the particle core remains mostly unoxidized
by the instant of the particle ignition.
5.3.4

Aging

Heat ﬂows recorded for the spheroidal aluminum milled for 120 min, for aluminum milled
only in acetonitrile, and for -325 mesh reference Al are shown in Figure 5.12. The Al
milled only in acetonitrile shows the strongest initial heat ﬂow, followed by the spheroidal
milled aluminum, and the reference Al powder. The oxidation rate for both, the spheroidal
powder and the material milled only in acetonitrile decreases strongly and at similar rates
after about 50 ks. Conversely, the oxidation rate of the reference Al powder continues to
increase, and only decreases after reaching a maximum near 80 ks. The integrated heat ﬂow
is shown in Figure 5.12 as well, illustrating that despite the higher initial oxidation rate the
total energy released is smallest for the spheroidal milled aluminum, and largest for the
reference Al powder.
The integrated heat ﬂow can be related to the amount of active aluminum
consumed. The reaction Al + 3 H2O(g) →Al (OH)3 + 1.5 H2 produces approximately -21.0
kJ per gram of aluminum. This estimate uses the enthalpy of formation of the gibbsite
polymorph of Al(OH)3 [351] although the bayerite polymorph was observed here (veriﬁed
by XRD, and included in Appendix A Figure S1). With this value, the second axis in
Figure 5.12 shows the fraction of Al consumed as a result of aging.
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5.3.5 Reactions in spheroidal milled aluminum using
a reactive shell/inert core model
To interpret thermal analysis measurements as well as aging in humid air, it is useful to
model the oxidation of these porous particles by taking their unique geometry into account.
With any external gaseous oxidizer that diﬀuses into the porous milled aluminum particles,
the resulting oxide or hydroxide initially forms at the outer surface, and then continues to
grow inward. During this process an oxidizer concentration gradient exists between the
particle’s environment and its interior. As a result, the oxide or hydroxide is nonuniformly
distributed within partially oxidized particles. Simplifying, and at least for early stages of
oxidation such particles can be described as having an outer layer, or shell, where oxidation
occurs, and an unoxidized core. The heterogeneous oxidation can then be assumed to occur
at a rate proportional to the available speciﬁc surface area within the shell, which is
proportional to (but smaller than) the total speciﬁc surface area as determined by the
nitrogen adsorption measurements shown in Figure 5.7. Introducing the thickness of the
oxidizing shell, hshell, is useful to describe the distribution of oxide or hydroxide in partially
reacted particles. It can further be used to account for the morphology of the prepared
spheroidal milled aluminum when analyzing ignition or aging.
As for any aluminum powders, ignition of the spheroidal milled particles prepared
here is expected to be governed by heterogeneous oxidation of aluminum. The rate of this
reaction needs to be predicted in order to describe ignition delays of such materials
subjected to diﬀerent ignition stimuli. The analysis of pre-ignition reactions can be based
on the results obtained in the present TG measurements. The oxidation slows signiﬁcantly
above 600°C at the heating rates used for the TG measurements (Figure 5.8). This is likely
the upper temperature limit for the proposed core-shell model. Aluminum melts at higher
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temperatures and the initial morphology of the spheroidal particles may be destroyed, so
that this model would no longer be useful in interpreting TG measurements. Based on ref.
[349] [48] the thickness of alumina, hox , grown before the melting point of aluminum is
reached is close to 15 nm. Taking hox = 15 nm to also be the oxide thickness grown on the
aluminum surface within the reactive shell at the same temperature enables one to estimate
h shell using the TG data shown in Figure 5.8.
The mass of a porous spherical Al particle, mp, is the sum of the masses of its core, mcore,
and shell, mshell:
𝑚𝑝 = 𝑚𝑐𝑜𝑟𝑒 + 𝑚𝑠ℎ𝑒𝑙𝑙

(5.1)

The mass of the particle core is:
4
3
𝑚𝑐𝑜𝑟𝑒 = 𝜌𝐴𝑙 ( 1 − 𝛷) 𝜋(𝑟𝑝 − ℎ𝑠ℎ𝑒𝑙𝑙 )
3

(5.2)

where 𝜌Al is the aluminum density, Φ is the relative pore volume, and rp is the particle
radius. Similarly the mass of the oxidizing porous shell is initially:
4
3
𝑚𝑠ℎ𝑒𝑙𝑙,0 = 𝜌𝐴𝑙 ( 1 − 𝛷) 𝜋 (𝑟𝑝 3 − (𝑟𝑝 − ℎ𝑠ℎ𝑒𝑙𝑙 ) )
3

(5.3)

During the oxidation, the mass of the reacting, partially oxidized shell is calculated as
𝑀
𝑚𝑠ℎ𝑒𝑙𝑙 = 𝑚𝑠ℎ𝑒𝑙𝑙,0 − 𝑚𝐴𝑙,𝑟𝑒𝑎𝑐𝑡𝑒𝑑 − 𝑚𝑜𝑥 = 𝑚𝑠ℎ𝑒𝑙𝑙,0 − 𝑚𝐴𝑙,𝑟𝑒𝑎𝑐𝑡𝑒𝑑 (1 − 𝑀𝑜𝑥 ) (5.4)
𝐴𝑙

(4) where MAl and Mox are molar masses of aluminum and alumina, taken as AlO 1.5 ,
respectively, mox is the mass of newly formed oxide, and the mass of reacted aluminum,
𝑚𝐴𝑙,𝑟𝑒𝑎𝑐𝑡𝑒𝑑 is obtained as
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𝑚𝐴𝑙,𝑟𝑒𝑎𝑐𝑡𝑒𝑑 = ℎ𝑜𝑥 ∙ 𝐴𝑠ℎ𝑒𝑙𝑙 ∙

𝑀𝐴𝑙
𝑀𝑜𝑥

(5.5)

where 𝐴𝑠ℎ𝑒𝑙𝑙=𝑆𝐴 𝑚𝑠ℎ𝑒𝑙𝑙,0 is the total surface area of the oxidizing shell, assumed to be
constant during this initial oxide growth. SA is the speciﬁc surface area determined from
measurements shown in Figure 5.7. In Eq. (5) , the thickness of the oxide layer growing
on the Al surface hox, is estimated without making speciﬁc assumptions about the surface
geometry as

hox =

Vox
m𝑜𝑥
m𝐴𝑙,𝑟𝑒𝑎𝑐𝑡𝑒𝑑 ∙ 𝑀𝑜𝑥
=
=
Ashell 𝜌𝑜𝑥 ∙ Ashell 𝜌𝑜𝑥 ∙ Ashell ∙ 𝑀𝐴𝑙

(5.6)

Substituting Eqs. (2) , ( 3 ) and ( 4 ) into Eq. (1) , the mass of an oxidizing particle can be
calculated as a function of both, hox and hshell :

4
𝑀𝐴𝑙
3
mp = ρAl (1 − Φ) π (r𝑝 3 − h𝑜𝑥 ∙ ρAl ∙ SA ∙ (r𝑝 3 − (𝑟𝑝 − h𝑠ℎ𝑒𝑙𝑙 ) ) (
− 1)) (5.7)
3
𝑀𝑜𝑥
and relative to the initial mass of the particle
3

m𝑝
(𝑟𝑝 − h𝑠ℎ𝑒𝑙𝑙 )
𝑀𝐴𝑙
)
(
= 1 − h𝑜𝑥 ∙ ρox ∙ SA ∙ (1 −
− 1)
m𝑝,0
𝑟𝑝 3
𝑀𝑜𝑥

(5.8)

For 𝑚 𝑝 ∕ 𝑚 𝑝, 0 = 1 . 2 , representing the 20 % mass change observed for spheroidal milled
aluminum at about 600°C after the ﬁrst major mass gain (see Figure 5.8), and plugging in
hox ≈ 15 nm (and assuming that natural oxide had thickness of 3 nm) and rp ≈ 15 μm as the
volume-averaged particle radius (see Figure 5.4) one solves for hshell ≈ 2.2 μm. This shell
thickness describes the penetration depth of oxygen in the prepared particles during their
oxidation in TG experiments.
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Considering that reaction rates are higher during ignition than in TG experiments,
the shell thickness is expected to be smaller due to stronger oxygen concentration gradients
developing in igniting spherical particles. Thus, 2.2 μm can serve as the upper bound of
the reactive shell thickness enabling one to estimate the rate of pre-ignition reactions in the
prepared spheroidal milled aluminum accounting for the measured speciﬁc surface and
kinetics of heterogeneous oxidation of aluminum. This estimate characterizes only
powders prepared in these reported experiments; it is expected that varying milling
conditions can yield spheroidal particles with diﬀerent sizes and morphologies, which
would respectively change the thickness of the reactive shell that needs to be considered to
predict the rates of pre-ignition reactions. The approach outlined above and relying on the
measured SA and TG traces can be used universally.
The same core-shell model can be used to interpret the aging experiments shown in
Figure 5.12. Analogous to oxide formation during thermal analysis, hydroxide formation
occurs only in the outer shell. The point at which the measured heat ﬂow drops to the noise
level, at about 390 ks for the spheroidal aluminum milled for 2 h and at about 370 ks for
the nonporous reference Al (Figure 5.12), serves as a convenient reference point for
comparison, representing a state where aging has slowed to comparable low rates. In the
analysis below, bayerite Al(OH)3 is the hydroxide reaction product and the molar enthalpy
of its formation is Δ𝐻𝑓,ℎ𝑦𝑑 . The bayerite molar mass and its thickness grown on the
aluminum surface are referred to as Mhyd and hhyd respectively. The reaction enthalpy is
obtained as:

∆𝐻𝑟 = ∆𝐻𝑓,ℎ𝑦𝑑 ∙

ℎℎ𝑦𝑑 ∙ 𝜌ℎ𝑦𝑑 ∙ SA ∙ m𝑠ℎ𝑒𝑙𝑙,0 𝑀𝐴𝑙
𝑚𝐴𝑙,𝑟𝑒𝑎𝑐𝑡𝑒𝑑
= ∆𝐻𝑓,ℎ𝑦𝑑
∙
𝑚𝐴𝑙,0
𝑀ℎ𝑦𝑑
𝑚𝐴𝑙,0
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(5.9)

Substituting Eq. (3) for the initial shell mass and similarly expressing the initial total mass
of Al in a porous spherical particle, mAl,0 , one obtains:
3
4
3
ℎℎ𝑦𝑑 ∙ 𝜌ℎ𝑦𝑑 ∙ SA ∙ M𝐴𝑙 𝜌𝐴𝑙 (1 − Φ) 3 𝜋 (𝑟𝑝 − (𝑟𝑝 − ℎ𝑠ℎ𝑒𝑙𝑙 ) )
(5.10)
∆𝐻𝑟 = ∆𝐻𝑓,ℎ𝑦𝑑 ∙
∙
4
𝑀ℎ𝑦𝑑
3
𝜌𝐴𝑙 (1 − Φ) 3 𝜋 ∙ 𝑟𝑝

Simplifying, the reaction enthalpy for a porous spherical particle is expressed as
3

ℎℎ𝑦𝑑 ∙ 𝜌ℎ𝑦𝑑 ∙ SA ∙ M𝐴𝑙
ℎ
∆𝐻𝑟 = ∆𝐻𝑓,ℎ𝑦𝑑 ∙
∙ (1 − (1 − ) )
𝑀ℎ𝑦𝑑
𝑟𝑝

(5.11)

Conversely, for the reference -325 mesh Al, which is not porous, and has an experimentally
determined surface area of SAAl = 2.0 m 2 /g, the heat of reaction is

∆𝐻𝑟 = ∆𝐻𝑓,ℎ𝑦𝑑 ∙

ℎℎ𝑦𝑑 ∙ 𝜌ℎ𝑦𝑑 ∙ SA𝐴𝑙 ∙ M𝐴𝑙
𝑀ℎ𝑦𝑑

(5.12)

The heat ﬂow drops to the noise level for -325 mesh Al at a total evolved heat of 1.055 kJ/g
= 28.5 kJ/mol. Therefore, the thickness of the hydroxide on the particle surface, calculated
by rearranging Eq. (12), evaluates to hhyd = 29 nm for this reference powder. This can be
taken as a reference state, where the hydroxide layer is thick enough to slow the reaction
rate to the measurement noise level. For the spheroidal milled aluminum, this state is
reached at a total evolved heat of 0.478 kJ/g = 12.9 kJ/mol (Figure 5.12). If hhyd is thus
known, the thickness of the shell where the hydroxide grows is estimated from Eq. (11) as
1

ℎ𝑠ℎ𝑒𝑙𝑙

3
𝑀ℎ𝑦𝑑
∆𝐻𝑟
= r𝑝 ∙ (1 − (1 −
))
∆𝐻𝑓,ℎ𝑦𝑑 ℎℎ𝑦𝑑 ∙ 𝜌ℎ𝑦𝑑 ∙ SA𝐴𝑙 ∙ M𝐴𝑙

(5.13)

For a 30-μm particle, it is obtained that h shell = 0.17 μm. This is likely a lower limit, and
the fraction of the particle participating in reaction is higher. The nitrogen adsorption
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measurements (Figure 5.7) suggest that the average pore half-width of these materials is
on the order of 1 nm, less than the 29 nm of hydroxide growing on the nonporous reference
material. Therefore, there is not enough space to grow 29 nm of hydroxide on the Al surface
in the shell, even accounting for changes in pore shape and size due to the hydroxide
growth. If one were to assume 1 nm as an upper limit for the hydroxide layer thickness
within the spheroidal milled aluminum, the reacted shell on a 30 μm particle would
evaluate to hshell ≈ 6 μm according to Eq. (13) . The actual shell thickness is within these
upper and lower bounds of 6 μm and 0.17 μm, respectively, and likely with nonuniform
hydroxide distribution, i.e., the complete reaction close to the particle surface, and
decreasing hydroxide amounts deeper in the particle. Regardless of these details, the
density of the growing hydroxide is less than that of the unreacted aluminum, ensuring that
the pores of spheroidal milled aluminum are blocked soon after the material’s exposure to
a humid oxidizing environment, well before the hydroxide thickness reaches 29 nm, as
required to slow down aging for regular aluminum. The blocked pores provide an eﬀective
protective barrier for the remaining unreacted core of the spheroidal milled aluminum,
preventing further rapid aging.
If all aluminum inside a reacting shell with a lower-limit estimate thickness of 0.17
μm were fully reacted, ca. 3.4% of all available aluminum in a 30-μm diameter particle
would have been consumed. However, the results shown in Figure 5.12 show that only
about 2.2% of aluminum was consumed, which would comprise approximately 65% of
aluminum within the shell. This relatively high fraction of aluminum consumed within the
porous shell reﬂects the high speciﬁc surface area of the spheroidal milled aluminum.
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While additional detailed studies involving cross-sectioned partially reacted
powders are necessary to further describe processes occurring during oxidation and aging
for the prepared spheroidal aluminum, it is clear that the approach involving a reacting
shell and inert core is fruitful and can be used to describe reactions in such powders in the
future.
5.4 Conclusions
Spheroidal aluminum particles were produced by mechanical milling of non-spherical
commercial aluminum powder in a hexane-acetonitrile emulsion serving as process control
agent. The average particle size decreased as the milling time was increased from 1 to 2 h.
The resulting spheroidal particles consisted of packed plate-like aluminum ﬂakes. The
spheroidal milled aluminum ignited on an electrically heated Kanthal strip at about 750 –
900°C, whereas no ignition could be achieved for regular micron-sized aluminum powders
in similar experiments. Oxidation of the spheroidal milled aluminum in TG experiments
proceeded signiﬁcantly faster than for micron-sized aluminum; the early stages of
oxidation approached the behavior expected of nano-sized aluminum powders. The
reaction for spheroidal milled aluminum proceeded to a greater completeness than for
nano-powder, in agreement with the expected much greater content of active aluminum.
Thermoanalytical experiments suggested that the overall oxidation stages and their
respective activation energies for spheroidal milled aluminum are similar to those of other
aluminum powders. However, their oxidation is accelerated because of the particle
morphology and an available speciﬁc surface area signiﬁcantly exceeding that of micronsized aluminum. For the purpose of modeling reactions leading to ignition, these particles
can be described as having a reactive shell and an inert core. The results suggest that the
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ignition can be triggered when the oxidation is accelerated by the polymorphic phase
change from amorphous to 𝛾-alumina in the growing oxide layer. The same core-shell
model needs to be considered to describe aging of these powders. At 60°C and air with
80% relative humidity, the aging of spheroidal milled aluminum eﬀectively stops when
only ca. 2.2 % of the available aluminum is consumed; for the commercial non-porous
aluminum aged at the same conditions, almost 5% of the active aluminum is consumed
before the reaction slows to the same rate. The results are interpreted to suggest that the
aging of spheroidal milled aluminum in humid environments at low temperatures is
controlled by sealing the pores in the reactive shell by the growing layer of hydroxide
eﬀectively protecting the core from further reaction.
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CHAPTER 6
TITANIUM-BORON REACTIVE COMPOSITE POWDERS WITH VARIABLE
MORPHOLOGY PREPARED BY ARRESTED REACTIVE MILLING

6.1 Introduction
The superior thermodynamic potential of metals and metalloids, which readily oxidize in
air, has been well established in the literature [38, 246]. Common high-energy density fuels
include aluminum, titanium, and boron[352-355]. Respective elemental powders possess
inherent limitations in reaction completeness and sensitivity, as has been extensively
studied previously[356-358]. Successful methodologies to improve their performance
include an increase in the reactive surface area (or use of nano-materials[359, 360]) and
the use of preliminary solid phase (intermetallic) reactions to preheat the fuel up to a more
kinetically favorable reaction temperature [156, 361-363]. Boron-titanium composite
powders are among the most attractive based on their thermodynamic properties illustrated
in Figure 6.1. For both nominal compositions, Ti∙B and Ti∙2B, the heats of formation of
respective borides are substantial, although they are always much less than heats of
oxidation. For comparison, heats of oxidation for elemental aluminum are also shown in
Figure 6.1. It is apparent that the boron-titanium composites are expected to outperform
aluminum based on the volumetric heat of oxidation. The composite containing more
boron, Ti∙2B, is also expected to outperform aluminum based on the gravimetric heat of
oxidation. For boron-titanium composites, ignition can be governed by the exothermic
formation of borides. Thus, unlike aluminum, these materials can ignite in oxidizerdeprived environments, as exist, for example, inside a fireball produced by an explosive.
Once ignited, these materials are expected to burn when exposed to oxidizer. Indeed,
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formation of borides raises the composite particle temperature sufficiently high for it to
oxidize readily when it reaches the periphery of the fireball and becomes exposed to air.
As a result, complete theoretical heat release is expected as shown in Figure 6.1. The
attractive energetics for boron-titanium composites motivates interest in such materials as
potential replacement of aluminum in various energetic formulations.

Figure 6.1 Theoretical heats of intermetallic reaction in prepared composite powders as
well as heats of oxidation for both the prepared composites and aluminum.
Arrested reactive milling (ARM) [364] was previously used to prepare reactive
composites of boron and titanium [25, 28, 268]. However, the broad ranges of particle sizes
it produced made it difficult to tune their combustion performance. Adjusting particle size
distributions of the powders prepared by mechanical milling proved to be difficult when
the material structure should be optimized along with the particle morphology.
Recently it has been demonstrated that mechanical milling can produce narrowly
sized spherical powders using a variety of materials including aluminum, boron, iron oxide,
melamine, and sucrose [365, 366]. Spherical powders are formed when starting
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components are milled in the presence of two immiscible liquids serving as process control
agent (PCA) [367]. The immiscible liquids form an emulsion, which also contains a
suspension of the powder being milled. Mechanical activation causes solid particles to
aggregate in the droplet phase, ultimately forming composite spherical powders with the
size distribution controlled by the size of the emulsified droplets. Produced spherical
powders are attractive for formulators of energetic compositions[368] and as feedstock for
additive manufacturing[369-371]. Here this mechanical milling-based approach is
explored for preparation of boron-titanium reactive composites. Both spherical and
irregularly shaped powders are prepared by ARM with liquid PCAs and their
characteristics are compared using thermal analysis and ignition measurements.
6.2 Material Preparation
Composite powders were prepared using high-energy ball milling of elemental boron and
titanium powders. Starting components were powders: boron (SB95, 95% purity by SB
Boron) and -325 mesh titanium (-325 mesh, 99.8% purity by Atlantic Equipment
Engineers). The powders were blended in a 2:1 or 1:1 molar ratio to yield, respectively,
stoichiometric TiB2 and TiB reaction products.
A Retsch PM 400 planetary mill was used with both standard 500 mL as well as
custom built 180 mL hardened steel vials. The mill was equipped with an air conditioner
used to chill the milling compartment. The mill was operated at 350 rpm with the rotation
direction switching every 15 minutes. The milling media were hardened steel balls, 3/8
inch (9.52 mm) diameter.
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A schematic diagram illustrating the steps involved during preparation of different
composite powders is shown in Figure 6.2. Further details are given in Table 1 showing
also the resulting powder particle shapes and average sizes (see details below). Milling
process characteristics shown in Table 6.1 were selected following a preliminary study, in
which these characteristics varied. The products obtained were evaluated using x-ray
powder diffraction, particle size analysis and scanning electron microscopy (SEM). The
parameters leading to the powders with most spherical shapes as observed by SEM were
selected and used in further experiments.
Irregularly shaped composites were prepared using one milling stage. Boron and
titanium powders were loaded into the milling vials, a liquid process control agent (PCA)
was added, and the powders were milled for a prescribed time. In most cases, hexane (Hex.
in Table 6.1) served as the PCA in this milling stage. Milled powders were dried under
vacuum. For preparing spherical powders, dried irregular composite powders remained in
the milling vial. Two liquids, hexane and acetonitrile (ACN in Table 6.1), were added for
the second milling stage. The ball to powder mass ratio (BPR) was changed and the second
stage of milling was performed. Sizes of the prepared spherical powders were altered
varying the amounts of hexane and acetonitrile used during stage 2 milling and BPR.
For both Ti∙B and Ti∙2B composites, samples of powders prepared with one-stage
milling (4 h milling time) and serving as precursors for preparing spherical powders were
recovered and characterized. In addition, for Ti∙2B composites, irregularly shaped powders
were prepared using an extended milling time during stage 1 milling to match the milling
dose used to prepare spherical powders. Milling dose [372] serves as a measure of energy
transferred from milling tools to the powder being milled and can be roughly considered
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to be proportional to the product of charge ratio and milling time. Two such Ti∙2B
composite powders were prepared using both hexane and acetonitrile as PCA (see Table
6.1 for details). Particle compositions, shapes, and average particle sizes listed in Table
6.1 are used to identify different powder samples in further discussion.

Hexane

Ti powder

Hexane

Acetonitrile

PCA evaporated
under vacuum

Milling stage 1

Spherical composite
powder

Milling stage 2
Irregular composite
powder

B powder

Figure 6.2 Process diagram illustrating preparation of composite powders.
Table 6.1 Milling Conditions used to Prepare Composite Powders
Product powder
Material

Shape
Irregular

Ti∙B

Ti∙2B

Avg.
size,
μm

18
93
Spheres
20
11
Irregular 5.6
7.8
160
Spheres
7.5*

Stage 1
Milling
Batch Volume,
vial
mass,
mL
volume,
BPR
g
mL
ACN Hex.
500
180
180
500
180
180
180
180

25
15.4
7.7
25
7
7
14
7

0
0
0
0
0
15
0
0

20
3
12.3
3
6
9
20
3
15 12.5
0
12.5
11.2
3
6
9

Mill.
time,
h
4
4
4
4
5
5
4
4

Stage 2
Volume,
mL
BPR
ACN Hex.
4
2
4
2

20
10
20
10

5.94
11.87
6.53
11.87

Mill.
time,
h
1.5
2
1.5
2

*Seven batches of the fine spherical Ti∙2B were prepared with some variation in size distribution as shown
in Appendix B, Fig. S1. These variations are relatively small and represent reproducibility of the
experiment.
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6.3 Characterization of the Prepared Composite Powders
Particle size distributions were measured using a Malvern Panalytical Mastersizer 3000
with a hydro MV sampling unit. Powders were dispersed in ethylene glycol.
Electron microscopy was performed using a JEOL JSM-7900F field emission
SEM. Both as prepared and cross-sectioned powder samples embedded in epoxy were
examined. Images were taken with a secondary electron detector at 10 kV for full particle
images, a backscattered electron detector at 3 kV for high magnification cross sections and
at 7kV for wider field of view cross sections of entire particles. Transmission electron
microscopy (TEM) was performed using a JEM-F200, operated at 200 kV. As-milled
particles were deposited dry on a copper grid.
Prepared materials as well as materials recovered after thermo-analytical
measurements were characterized by powder x-ray diffraction (XRD) using a PANalytical
Empyrean x-ray diffractometer operated at 45 kV and 40 mA using Cu Kα radiation (λ=
1.5438 Å). Samples were mounted on a zero-background sample holder cut from a Si
single crystal.
Specific surface of the prepared powders was measured by nitrogen gas sorption
analysis at 77 K using a Quantachrome Autosorb iQ-MP, Automated Gas Sorption
Analyzer. A 52 point adsorption/16 point desorption full isotherm was measured after
degassing samples for 390 minutes at 115 ºC.
Thermo-analytical measurements, including differential scanning calorimetry and
thermo-gravimetry (DSC/TG) were performed using a Netzsch Thermal Analyzer
STA409PG. The samples were heated at 5 and 40 ºC/min in a flow of argon (99.998 %
pure by Airgas, flown at 50 mL/min). For each experiment, the heating program was
repeated without removing the sample; the traces recorded during the second heating
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served as baselines. Samples heated at 5 ºC/min were recovered after the second heating
and inspected using XRD. Using a Netzsch Thermal Analyzer STA449F3, samples were
also heated at 10 ºC /min in a mixed flow of argon and oxygen (respective flowrates were
55 and 15 mL/min). For a baseline, these samples were heated at the same rate for the
second time in pure argon flown at 70 mL/min. In initial experiments, samples were heated
up to 1100 ºC; however, evaporating boron oxide was found to damage the sample carriers.
Respectively, in following experiments the maximum temperature was reduced to 800 or
900 ºC, for which the evaporation of boron oxide was noted to be nearly negligible.
Ignition of the prepared powders was characterized using an experimental setup
employing an electrically heated filament similar in configuration to those described
previously [152, 171, 373, 374]. Unlike previous experiments, powders were deposited
onto a rectangular nickel-chromium wire with a cross-section of 0.8 × 0.1 mm. The flat
wire had to be used to enable measurements for the produced spherical powders, which
could not be retained on cylindrical wires used in most previous experiments.
The wire temperature as a function of time was measured using an optical
pyrometer comprised of a germanium switchable gain detector (Thorlabs PDA30B2)
calibrated using a black body emission source BB-4A by Omega. The optical pyrometer
was equipped with a fiber optics cable with a lens. It was used to measure temperature of
an uncoated wire heated using a fully charged 12-V battery. Because the pyrometer lens
was placed above the heated wire, it could not be used with the powder coatings, generating
rising combustion products, which could damage the lens. Thus, after preliminary
experiments using pyrometer established the wire temperature history, the pyrometer was
removed. Powder coatings were then applied and heated using the same battery. The instant
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of ignition was registered using a RedLake MotionPro 500 high-speed camera. The time
reference indicating the beginning of the wire heating was obtained using the same video,
recording emission of an LED lit at the onset of the heating. It was observed that the wire
was heated at approximately 3,200 ºC/s in the temperature range of 500 to 1100 ºC.
Correlating the preliminarily obtained temperature histories of the heated wires with the
times of ignition measured in separate experiments enabled us to determine the ignition
temperature for each powder tested.
6.4 Results and Discussion
6.4.1

Characteristics of the prepared materials

Preliminary observations showed distinct difference in flowability of the prepared
powders. Spherical powders were observed to flow much better. Qualitatively, the
improved flowability is illustrated in the photo showing both spherical and irregularly
shaped powders filling a glass bottle (Appendix B, Fig. S2). The surface of the spherical
powder is characteristically smoother.
SEM images of the prepared irregularly shaped and spherical composite powders
are shown in Figure 6.3 Irregularly shaped powder particles are roughly equiaxial. For
both Ti∙B and Ti∙2B composites, the material surface is mostly bright, representing
titanium matrix. Dark inclusions observed for both powders represent boron particles.
Spherical particles obtained with two distinct size ranges for each composition. Surface of
spherical particles appears to include multiple small pores. Thus, the spheres appear to be
dense compacts of much finer particles, which cannot be distinguished clearly at the sphere
surfaces.

142

Figure 6.3 Backscattered electron images of as-prepared irregular composite powders,
and secondary electron images of as-prepared spherical composite powders.
Particle size distributions of different composite powders are shown in Figure 6.4
and Figure 6.5, for Ti∙B and Ti∙2B composites, respectively. Average particle sizes and
half widths of the distributions are shown for each material. Particle shapes and average
size for each sample can serve as identifiers for respective milling conditions shown in
Table 6.1 Milling Conditions used to Prepare Composite Powders. Irregularly shaped
powders have relatively broad particle size distributions with the ratios of half width to the
average size close to 1.9 for both materials. Narrower size distributions are observed for
all spherical powders. The ratios of half width to the average size vary from 1 to 1.38 for
different samples. Particle size distributions shown in Figure 6.4 and Figure 6.5 were
obtained before sonication of the suspended powder samples. It was observed that the sizes
of irregularly shaped powders were not affected by sonication. For smaller spherical
powders, sonication destroyed large agglomerates, such as clearly seen for Ti·B spheres
with average size of 20 µm (particles greater than ca. 50 µm in Figure 6.4). However, the
mode of the particle size distribution for fine spherical powders remained unaffected by
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sonication. Conversely, larger size spherical powders could not withstand the agitation of
the suspension subject to sonication. The particle size distributions shifted significantly as
shown in Appendix B, Fig. S3.

Figure 6.4 Particle size distribution of Ti∙B composite powders.
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Figure 6.5 Particle size distribution of Ti∙2B composite powders.
SEM images of different composite powders embedded in epoxy and crosssectioned to observe their internal structure are shown in Figure 6.6 through Figure 6.10.
For each material, two images taken at different magnifications are shown. Cross sections
of irregularly shaped powders for both composites (Figure 6.6, Figure 6.7) show a fully
dense structure with a bright titanium matrix and dark (almost black) boron inclusions.
Most boron inclusions are substantially smaller than 1 µm, although some large boron
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inclusions are also observed. The structures are qualitatively similar for both irregularly
shaped materials. Some dark grey particles are observed; both separated from and
embedded into composite structures. These particles are likely representing contamination
by iron coming from the milling media.

Figure 6.6 Backscattered electron images of cross-sectioned Ti∙B irregular powders.

Figure 6.7 Backscattered electron images of cross-sectioned Ti∙2B irregular powders.
Cross-sections of spherical composite powders are shown in Figure 6.8 - Figure
6.10. The interiors of the particles images at a lower magnification are distinctly darker
than those of the irregularly shaped powders with the same compositions. The close-up
images show that the titanium matrix is discontinuous. Because the bulk compositions of
the materials are the same as for irregularly shaped powders, this suggests substantial
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porosity of the prepared spheres. Boron is difficult to separate in the images from the
background epoxy, which could have been embedded into porous particles. Characteristic
porous structures with discontinuous titanium particles are observed for all prepared
spherical powders. The dimensions of titanium inclusions vary broadly; however, it is
apparent that these dimensions are smaller for the finer spherical powder.

Figure 6.8 Backscattered electron images of cross-sectioned Ti∙B spherical powders
(93 µm average diameter).

Figure 6.9 Backscattered electron images of cross-sectioned Ti∙2B spherical powders
(160 µm average diameter).
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Figure 6.10 Backscattered electron images of cross-sectioned Ti∙2B spherical powders
(7.5 µm average diameter).
Results of specific surface measurements for different composite powders are
shown in Figure 6.11. Spherical powders have consistently greater surface areas than
irregularly shaped powders. This is consistent with the porosity observed for the spherical
particles in their cross-sections (Figure 6.8 - Figure 6.10). No correlation between the size
of spherical particles and their surface area is observed.
The surface areas of different powders can be used to roughly estimate their average
surface-based particle diameters. These diameters are obtained from the ratio of the
theoretical specific volume and the measured specific surface area. For irregular powders,
the estimated diameters are close to 1 and 0.6 µm for Ti∙2B and Ti∙B, respectively. From
particle size distributions, (Figure 6.4 and Figure 6.5) their respective surface area based
average particle sizes are 3.7 and 9.6 µm. This suggests some porosity in the prepared
powders, which is more significant for Ti·B composite. A similar estimate for spheres,
with greater specific surface area (Figure 6.11) yields the estimated size for fully-dense
particles in the range of 100 – 130 nm, which is much smaller than the surface average
particle sizes measured by light scattering, varied from 2.5 (for finer spherical Ti·2B) to
31.5 (for coarse Ti·B spheres). The larger discrepancy between the particle sizes implied
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by light scattering and nitrogen adsorption measurements is consistent with significant
porosity in the prepared spherical powders.

Figure 6.11 Specific surface measured by nitrogen adsorption for the prepared composite
powders.
XRD patterns of different prepared composite powders are shown in Figure 6.12.
A pattern for the starting blended (unmilled) powders of boron and titanium with the
composition Ti·2B is shown for comparison. The vertical scale for the blend was adjusted
down for the pattern to fit in Figure 6.12. Peaks observed for the milled powders are
generally broad, weak, and the intensity drops rapidly at higher diffraction angles. Phases
identified with reasonable confidence are α-Ti with hcp structure, a cubic phase matching
TiB with fcc structure, and Fe that was introduced by the milling tools as a significant
contamination. The Ti phase remains recognizable in the irregular powders and the large
spheres for both, Ti·B and Ti·2B compositions. Titanium can no longer be clearly
distinguished in the small sphere powders, and in the irregular powder with Ti·2B
composition milled with the same milling dose as the corresponding small sphere powder.
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The TiB phase is clearly present in all powders. The amount of iron as a distinct phase
increases with increasing milling dose for both, Ti·B and Ti·2B compositions. No peaks
corresponding to TiB2 were detected in any of the patterns. Amorphous boron is not
detectable by XRD, as expected. Only a trace of boric acid can be seen in the reference
powder blend.
Not clearly identifiable from the peaks shown in Figure 6.12 is a phase that appears
to be cubic and was tentatively attributed to α-Ti with bcc structure. Without introducing
this phase, the intensities for at least the Ti·2B irregular powder in the range 35° - 45° 2θ
cannot be reconciled with the other identified phases. The bcc phase of Ti is nominally
unstable below 882 °C, but iron stabilizes it to lower temperatures under equilibrium
conditions [375]. Still, the presence of this phase here is speculative, and the derived phase
compositions must therefore be considered semi-quantitative.
Phase compositions of the as-milled materials were determined by whole-pattern
refinement, using nominal compositions of the phases. The results are shown in Figure
6.13. Minor differences can be seen between the irregular powders and the larger spheres
for both, Ti·B and Ti·2B compositions. The amount of metallic Ti in the larger spheres is
slightly less than in the irregular powder for Ti·B, but slightly more for the Ti·2B
composition. Because the larger spheres were prepared by further milling of the irregular
powders, this is an unexpected result, and likely illustrates the uncertainty of the
quantification in general, and of the assignment of the α-Ti phase. The cubic TiB phase
increases significantly for both smaller spheres and for the irregular powder milled with
the same milling dose as the smaller spheres. Consistent with expectations, the amount of
metallic Fe continuously increases with continued milling.
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In a separate experiment, not shown for brevity, the small sphere powder for the Ti·2B
composition was blended with a known amount of γ-alumina as an internal standard. This
allowed determining the amount of metallic iron using the reference intensity ratio method
to 11.8 wt-%. This value is distinctly smaller than the approximately 28 wt-% obtained by
whole pattern fitting, and shown in Figure 6.13. This is consistent with the presence of
about 50 wt-% of amorphous material in this powder. The other powders likely contain
significant amounts of amorphous material as well.

Figure 6.12 XRD patterns for the prepared composite powders. For reference, an XRD
pattern for the Ti∙2B powder blend is also shown.
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Figure 6.13 Phase compositions of the crystalline phases in prepared composite powders
from the whole pattern fitting for XRD; the presence of amorphous phases is not
accounted for.
6.4.2

Reactivity of the Prepared Materials

Baseline-corrected DSC and TG traces for four composite Ti·2B powders are shown in
Figure 6.14. Only DSC traces are shown for the powders heated in argon; respective TG
traces showing minor mass loss due to evaporation of adsorbed PCA are omitted for
brevity. For both spherical powders heated in argon, DSC traces show an immediately
rising background. Both traces show a broad exothermic hump with peak around 570 ºC.
For spheres with 160 µm average size, the broad exothermic hump overlaps with a second
broad peak around 850 ºC. Integration of the entire DSC signals measured in argon for
spherical powders yields values that exceed, roughly by a factor of two, the total heat
release expected for the formation of TiB2. Because no other exothermic reactions are
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expected for these materials heated in argon, it is concluded that the effect of baseline could
not be eliminated from these measurements, despite subtracting a trace measured during
the second heating. The same conclusion was made for the DSC traces recorded for the
samples heated in argon-oxygen environment. Nevertheless, the obtained DSC traces can
serve to compare qualitatively the reactive behaviors of different composite powders.
Qualitatively, the DSC traces recorded in argon for spherical powders are different
from those obtained for both irregularly shaped powders. Both irregular powders (one, 11
µm prepared using a lower milling dose than used preparing spheres, and the other,
prepared with the same milling dose as fine spheres, 5.6 µm) show no early exothermic
reactions. Broad and weak exothermic features are observed to begin around 470 and 520
ºC for the 5.6- and 11-µm powders, respectively. Integrating an exothermic peak observed
for 11-µm irregular powder around 670 ºC gives about 10% of the energy expected for the
formation of TiB2. It is thus apparent that the heat release observed for both irregularly
shaped powders heated in argon is insignificant.
The rising background observed for both spherical powders heated in argon
suggests an early onset of an exothermic reaction. These exothermic reactions could
include rearranging B-Ti bonds in the initially formed amorphous TiB compound and
formation of a new TiB phase. It is interesting that the early parts of DSC traces for both
spherical powders are very similar to each other despite a substantial difference in the
composition identified between these powders from XRD (Figure 6.13). This further
confirms that most of the material in the prepared composite powders is x-ray amorphous.
The second exothermic feature observed only for 160-µm spheres could be attributed to
the detected composition difference between coarser and finer spherical powders (Figure
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6.13). As prepared, coarser spheres contained almost no detectable TiB phase; thus,
formation of new TiB could cause the additional exothermic peak observed for 160-µm
spheres.
Both DSC and TG traces are shown for the composite powders heated in argonoxygen flow. DSC shows a much stronger heat effect, associated with oxidation of the
powders. As was the case for experiments in argon, there is a strong rising background
observed in all experiments. This background cannot be usefully assigned to a specific
reaction. For example, it is observed for both spherical and irregularly shaped powders at
low temperatures; however, the mass increase is only observed initially for spherical
powders in the respective TG traces. Additional experiments (Appendix B, Fig. S4) with
pure titanium powder also showed a rising background in the DSC traces using the same
heating program; however, the mass gain associated with oxidation began much later,
similar to the additional trace for the blended Ti·2B powders shown in Figure 6.14.
Because of spurious background effects, integration of DSC traces is not useful. Instead,
positions of the peaks for the observed exothermic features can be compared for different
composite powders. Although the exothermic humps observed for all materials are broad,
they systematically peak at lower temperatures for spherical powders compared to both
irregularly shaped powders shown in Figure 6.14. Note that DSC and TG experiments
were also performed with the 7.8-µm irregularly shaped Ti·2B powder (cf. Table 6.1). As
the 5.6-µm powder represented in Figure 6.14, it was prepared with the same milling dose
as the 7.5-µm spherical powder. Its DSC and TG traces are not shown because they were
effectively the same as those presented for the 5.6-µm irregular powder.
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The difference in oxidation behavior between different materials appears most
clearly from the TG traces shown in Figure 6.14. The blend of boron and titanium powders
shown in Figure 6.14 for comparison does not exhibit any mass gain due to oxidation up
until 500 ºC. Similarly, oxidation for pure titanium and boron powders (Appendix B, Fig.
S4) begins only after 500 ºC. Conversely, all milled powders begin oxidizing as soon as
the heating program starts. This low-temperature oxidation occurs faster for both spherical
powders. The difference between TG traces for finer and coarser spheres is minor for the
entire temperature range. Irregular powder with the average particle size of 5.6 µm, which
was prepared using the same milling dose as fine spheres, exhibit faster initial oxidation
than 11-µm irregular powder, which was prepared with a lower milling dose than
respective spheres. A faster oxidation step is observed for all materials at elevated
temperatures. This step occurs between 600 and 900 ºC for both blended elemental powders
and for the irregularly shaped powder with the average size of 11 µm. The oxidation rate
peaks for both powders around 750 ºC. This strong oxidation step shifts to lower
temperatures and occurs between 500 and 800 ºC for the 5.6-µm irregularly shaped powder.
It shifts to still lower temperatures, ca. 450 – 650 ºC, for both spherical powders. The peaks
in the differential TG curves (not shown in Figure 6.14) correlate well with the observed
peaks in the respective DSC traces shown.
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Figure 6.14 DSC and TG traces for Ti∙2B composite powders heated in argon and argonoxygen environments at 10 K/min.
TG traces for Ti·B composite powders are shown in Figure 6.15. Similar to Figure
6.14, the oxidation of spherical powders begins at a lower temperature than for its
irregularly shaped counterpart. Respective DSC traces are also qualitatively similar to
those shown in Figure 6.14 and are omitted for brevity.
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Figure 6.15 TG traces for Ti∙B composite powders heated in the argon-oxygen
environment at 10 K/min.
XRD patterns of selected powders heated to 800 °C during the DSC experiments
are shown in Figure 6.16. Detectable phases are α-Ti, cubic TiB, Fe, and Fe2B. No TiB2
is detectable. Peaks are generally sharper than in the as-milled material (Figure 6.12),
although still relatively broad. Phase compositions were determined by whole-pattern
refinement, and are shown in Figure 6.17. Less Ti, and more TiB is detected in the large
sphere powder compared to the irregular powder for both, Ti·B and Ti·2B compositions.
The Ti·2B 7.5-µm spherical powder shows no detectable Ti. No systemic difference could
be identified between spherical and irregularly shaped powders heated to 800 ºC in argon
in terms of the reduced amount of Ti or increased amount of TiB. The iron boride is only
detected for the Ti·2B composition, and has a higher amount for the 7.5-µm spherical
powder.
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Figure 6.16 XRD patterns of Ti·2B and Ti·B composites heated to 800 °C under argon.
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Figure 6.17 Phase compositions of the crystalline phases in composite powders after
heating to 800 °C in argon.
Ignition temperatures for different powders measured using an electrically heated
filament are reported in Figure 6.18. For comparison, results are also shown for elemental
boron, which could not be ignited in this experiment, aluminum powder with nominal size
of 3 µm (H3 aluminum by Valimet) and -325 mesh titanium powder used as a starting
material for the prepared composites. Aluminum powder was observed to ignite just before
the filament melted. Titanium ignited at a lower temperature, ca. 810 ºC, which was well
quantified by the present experiments. It is reasonable to correlate ignition, observed in
experiments with the heating rates of about 3,200 ºC/s with the oxidation, observed to begin
just above 500 ºC at much lower heating rates used in thermo-analytical measurements
(Figure 6.14, S4 and S5).
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Both Ti·B and Ti·2B irregularly shaped composite powders ignited at 620 – 660
ºC, that is at lower temperatures than elemental titanium. The difference in the ignition
temperature between the irregularly shaped powders with different compositions was
insignificant. All spherical powders ignited at still lower temperatures. For all spherical
powders, independently of composition or average particle size, the ignition occurred
around 500 ºC. This temperature is close to the temperature at which the oxidation rate
peaked in thermo-analytical experiments with the same powders. Because of significant
difference in the heating rates in the wire ignition and thermo-analytical measurements, it
is reasonable to assign ignition to the reaction occurring in the DSC/TG experiments at
lower temperatures. It is most likely, therefore, that ignition of spherical powders was
governed by the low-temperature oxidation, clearly registered by the respective TG
measurements. Indeed, because of the high specific surface area for the spherical powders
observed in Figure 6.11, it is expected that even a relatively slow, low-temperature
oxidation can lead to the thermal runaway and ignition.
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Figure 6.18 Ignition temperatures measured using a heated filament ignition for different
composite powders and for elemental metal powders.
6.5 Conclusions
Both irregularly shaped and spherical powders with compositions Ti·B and Ti·2B were
prepared using arrested reactive milling and characterized. Spherical powders were
prepared using two immiscible liquids, hexane and acetonitrile, as process control agent
during milling. In both types of materials, boron and titanium were mixed on the nanoscale.
Average volumetric particle sizes for spherical powders could be controlled in a broad
range selecting milling conditions. Spherical powders with different particle sizes were
found to be porous, unlike reference irregularly shaped composite powders. Despite
porosity, spherical powders packed at nearly the same bulk density as irregularly shaped
powders. It was also observed that milling led to formation of poorly crystalline TiB in all
milled materials. The amount of observed TiB as well as contamination by Fe from the
milling tools increased at greater milling dose (e.g., energy transferred to the powders being
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milled from the milling tools). Substantial portion of the prepared composite materials
(more than half) was amorphous. The amount of the formed TiB did not correlate with the
reactivity of the prepared materials. All composite materials exhibited exothermic reactions
at low temperatures when heated in both inert and oxidizing environments. The exothermic
reactions were always stronger for spherical powders. Oxidation for spherical powders
started sooner (at lower temperatures) compared to the irregularly shaped composites or to
elemental metal fuels, boron and titanium. Similarly, spherical powders ignited at a lower
temperature than irregularly shaped powders with the same compositions when coated on
an electrically heated wire.
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CHAPTER 7
CONCLUSIONS
Preparation of metal based reactive structural materials capable of highly exothermic selfsustaining reactions have been discussed and explored. The most promising of these
reaction pathways leading to formation of oxides, fluorides, carbides, borides, silicides and
aluminides were reviewed in literature. The methods of the reaction initiation and
characterization were also discussed as the understanding of these techniques and
respective experimental outcomes are fundamental to relative comparison of prepared
materials for end use applications.
Further discussion dealt with the preparation of composites focusing on non-trivial
processes leading to the fine scales of mixing between reactive material components
necessary for rapid reaction, typically in the 10 – 100 nm range. Dissimilar materials with
potential for reaction have been found to require interface areas greater that achievable
with conventional powder mixing; respectively, the work focused on preparing composite
powders, for which each particle contains components mixed on the nanoscale. Once
composite powders are prepared further processing may also be required to consolidate
them by one of various methods to achieve a material that is not just reactive but also
capable of serving a structural purpose. Although not a primary focus of this work, these
methods of consolidation were considered and materials were contributed towards uniaxial
compression as well as additive manufacturing methods which were believed among the
most straightforward in incorporating powdered materials.
Of those materials available, metal-based systems composed of boron, tungsten,
titanium, zirconium, and aluminum were explored as materials that possessed high
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thermodynamic potential, tunable density and the ability to subsequently react with an
oxidizing environment. Boron-titanium intermetallic reaction was explored most
extensively, this highly reactive composite can be combined with tungsten to achieve
greater material density. Binary boron-titanium exothermic reaction releases the most heat
upon thermal initiation of the prepared materials; boron-tungsten reaction was also
sufﬁciently exothermic to potentially contribute to the heat release by the reactive structure.
Both pressure and rate of pressure rise produced by binary and ternary materials prepared
here by high energy milling were investigated in an oxidizing gas environment. Promising
improvements in reactivity were found. Boron-zirconium composite powders were also
explored with an expectation of similar capabilities with a higher theoretical density than
boron-titanium (without tungsten). Theoretical calculations using the thermodynamic
equilibrium NASA CEA code were explored in detail to describe the system combustion.
Combustion of the prepared composites was characterized experimentally igniting them in
air and an air-acetylene flame.
In addition to the preparation of composites, surface modification and a novel
method of spherical powder production was explored. An effort to demonstrate the viability
of siloxane-coated magnesium powders was successful. It demonstrated an improved longterm stability, showing little oxidation at elevated temperature and in the presence of high
humidity. Furthermore, modification of the powders did not negatively impact its ignition.
Likewise, improvement in aluminum fuel was achieved via the production of spheroidal
particles consisted of packed plate-like aluminum ﬂakes. This form was found to exhibit
higher ignition sensitivity and to possess a more protected surface from hydroxide
formation than equivalent spherical commercial powders. Additionally, spherical or
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spheroidal powders are expected to be beneficial as feedstock for consolidation and
additive manufacturing necessary to prepare reactive structural components. By the milling
of boron and titanium powders in two immiscible liquids, spherical composite powders
were produced as well and were found to exhibit similarly enhanced ignition
characteristics. Examination of the prepared materials showed that nanoscale levels of
intermixing was achieved combined with a high porosity. It is proposed that combination
of these attributes was important for their observed enhanced energetic performance.
Future anticipated work needed to be explored would include the extension of
staged milling procedures to additional formulations of interest. Foundational material
works such as the production of spherical boron and aluminum can be extended to the
respective composites of interest. From the work conducted it can be concluded that
mechanical milling to tune reactivity and morphology can be affected, both in semiindependent stages, as well as together. However, the mechanisms by which morphology
changes occurs in particular is not entirely understood. Works to achieve formation of
spheres have been to date highly experimental without strong foundation in the
mechanisms by which the particle stabilized emulsions produce them. To effectively form
spheres, a polar and non-polar liquid with specific interface interactions for a given rate of
agitation must be achieved. To date most work has effectively used hexane and acetonitrile
however other solvents including mixtures of hydrocarbons, alcohols, water, and oils could
represent viable alternatives.
Simulation of immiscible liquids stabilized by particles to predict milling
conditions is a non-trivial task as the size of particles, the complex dynamics of emulsion
formation, and droplet-particle stabilization are all anticipated to affect the result. Some
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experimental results referenced which pertain to the formation of oil-particle
aggregates[376] and emulsifiers[377] may help interpret these effects. Because of the
complexity it could be suggested that perhaps control of liquid interface parameters could
be exerted based on experimental results to produce equivalent pseudo liquids from which
CFD simulation should be more readily achieved. In spite of this, there will be complexities
associated with change in state of materials during milling, and packing for which a
solution is not well known. Ultimately, the tuning of properties by variation in milling
material as well as the solvents used to produce emulsions would increase the versatility
of mechanical milling tremendously and advance this work into more widespread use for
the production of on demand, tunable reactive structural materials.
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APPENDIX A
Highly Reactive Spheroidal Milled Aluminum
Image Analysis
Image analysis was performed by despeckling to remove image graininess, thresholding to
generate a binary image, and a feature capturing full particle sizes. Further, particles
containing fewer than 4 pixels which was well below minimum particle size were removed
to reduce the effect of digital noise. A watershed feature was used to separate particles that
might have been contacting one another. Finally, the identification of particles with
“analyze particles” protocol was performed using a circularity of 0.3-1.0 and aspect ratio
of less than 3.
X-ray diffraction of aging product

Figure B.1: XRD of aged commercial aluminum, identifying the Aluminum hydroxide
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APPENDIX B
Titanium boron reactive composite powders with variable morphology prepared by
arrested reactive milling

Figure B.1 Particle size distributions for different Ti·2B powder batches prepared at the
same conditions as spheres, 7.5 µm (see Table 6.1). Agglomerates (particles greater than
20 µm) are readily broken down by sonication.
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Figure B.2 Glass bottles filled with different powder samples (details on samples).
Approximate Ti∙2B bulk densities of 11-µm irregular and 7.5-µm spherical powders were
respectively 1.93 and 1.80 g/mL. Bulk densities for 18-µm irregular and 93-µm spherical
Ti∙B powders were 2.22 and 1.77 g/mL, respectively. A slight decrease in bulk density
for spherical powders is likely associated with their much greater porosity.

Figure B.3 Particle size distributions of different prepared spherical powders before and
after sonication.
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Figure B.4 DSC and TG traces for mixed and pure Ti and B powders heated in oxidizing
environment

Figure B.5 DSC traces of Ti·2B irregular and spherical powders measured at a heating
rate of 40 K/min
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